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INTRODUCTION

The research supported by this award is based on the hypothesis that the interfilament
distances between microtubules and neurofilaments are maintained by a polymer brush based
mechanism, that results in what has been called colloidal stabilization. We suggest that failure
of such stabilization may be related to, and even causal, in neuropathologies such as
amyotrophic lateral sclerosis (ALS) and Alzheimer's disease. Thus focus of the research in this
proposal is a series of experiments that test the polymer brush based mechanism. These
experiments include atomic force microscopy, macromolecular exclusion measurements on
isolated neurofilaments and microtubules and analysis of neurofilament distributions in electron
micrographs. In addition we have pursued the general of functional properties of unstructured
proteins, and how these are related to the protein sequence. With an understanding of the
basic mechanism, conditions under which the colloidal stabilization fail will be examined. The
results from this research will provide fundamental insight into the mechanism of
neurodegeneration, and suggest new approaches to therapies and treatments for
neuropathologies.

BODY OF REPORT

Below the approved statement of work is divided into four sections, and research
progress associated with the tasks in each section is reported.

1. From Statement of work (verbatim): "The contractor will isolate microtubules, neurofilaments
and associated proteins from bovine tissue. These proteins will be characterized by SDS-
polyacrylamide gel electrophoresis, imaging by atomic force microscopy (AFM) and appropriate
physical/biochemical methods. Isolation of these proteins will occur regularly throughout the
three years of the proposed contract, as required for the specific experiments proposed. In the
first year methods for immobilizing microtubules with microtubule associated proteins (MAPs)
onto solid supports will be established. AFM force measurements will be performed on
microtubules with MAPs to establish if the MAPs behave as an entropic brush. The data will be
analyzed using isoforce difference mapping and fitting to appropriate theoretical models.
Controls for these force measurements will include microtubules assembled in the absence of
MAPs and microtubules for which MAPs have been chemically removed.”

The main aim of this section was completed. The completed work differed from the
proposed work only on relatively minor point. Above we proposed to examine forces of
microtubule associated proteins while attached to microtubules. Instead, we developed a
system in which the forces of microtubule associated proteins could be examined in the
absence of microtubules. The results are described in detail in the attached manuscript
(Mukhopadhyay and Hoh, 2001).

2. From statement of work (verbatim): "In the second year macromolecular exclusion
experiments will be performed on microtubules with MAPs. The ability of the
microtubules/MAPs to exclude macromolecules will be determined by a centrifugation-based
approach. Fluorescent macromolecular probes will be used to determine the effective volume
of the microtubules/MAPs, in order to establish if MAPs act as an entropic brush. The size
dependency of the exclusion properties of the microtubules with MAPs will be determined by
using a series of varying probe molecule size. Controls for these force measurements will
include microtubules assembled in the absence of MAPs and microtubules for which MAPs
have been chemically removed. If appropriate, similar experiments will be performed with
neurofilaments."




Here we focused our efforts on neurofilaments. Neutron scattering was explored as a
approach for getting interfilament spacing, however spacings could not be obtained from our
scattering experiments. Subsequently we developed a centrifugation/pellet size assay for
interfilament spacing, and this was used to examine the exclusion properties of neurofilaments.
This approach the results are described in Chapter 4 of Sanjay Kumars PhD Thesis (Dr. Kumar
was a PhD student with Dr. Hoh; appendix). The results are being prepared for publication.

We also developed alternative approach to the question raised was being pursued. The
alternative approach is based on analysis of neurofilament distributions in electron micrographs,
and using statistical mechanical approaches to probe the interaction forces. The results of this
work shows that the organization of neurofilaments can be recapitulated using a long-range
repulsive force of the type proposed, which supports the original hypothesis. Details of the work
are described in the papers Kumar et al., 2002a (Appendix) and Kumar et al., 2002b
(Appendix).

Work was initiated on macromolecular exclusion in microtubule/MAP gels. Initial
experiments using fluorescently labled dextrans show that large dextrans are excluded from the
proximity of microtubules with MAPs. These results are consistent with and support the
proposed colloidal stabilization model. Given the effort directed at neurofilaments, the
microtubule work remains in progress.

3. From statement of work (verbatim): "In year three the conditions and treatments that
modulate the effect of the entropic brush of microtubules and neurofilaments will be established.
The effect of varying concentrations of monovalent salt, divalent salt and pH on the entropic
brush, as assayed by AFM force measurements and macromolecular exclusion experiments,
will be determined. Using the results from these experiments appropriate combinations of ionic
conditions, or new conditions, will be examined. The effect of phosphorylation state of
neurofilaments on the entropic brush will be determined. Neurofilaments will be enzymatically
dephosphorylated or hyperphosphorylated and the effect of the entropic brush will be examined
as above. Neurofilaments will be treated with aluminum to determine if this metal directly
effects the entropic brush.”

The main goals of this aim have been completed for neurofilaments, and to a more
limited extent microtubules. The neurofilament results are described in detail in Chapter 4 of Dr.
Sanjay Kumar’s PhD thesis (Appendix). This material is being prepared for publication. As #2
above, because of the focus on neurofilaments the work on MAPs remains in progress.

4. From Statement of work (verbatim): "The results from the work will be reported to the
appropriate office at the USAMRMC at times specified by the USAMRMC. The results from the
work will also be published in international peer reviewed scientific journals and presented at
national meetings. The presentations will be on an annual basis, and the publication will be as
appropriate with regard to content of the work.”

The present document represents the required final report to the USAMRMC. In
addition, the research supported by this award has been presented at several meetings and
seminars as listed below under reportable outcomes. Six publications resulting from the
research are attached (Appendix).

5. The work supported has lead to a new collaboration with Dr. Tom Woolf to simulate the
behavior of the unstructured parts of neurofilaments and microtubule associated proteins. In the
initial simulations, a highly simplified model and general model of unstructured polypeptides was
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used. Results from these simulations are described in detail in the attached manuscript (Bright
et al., 2000; Appendix). This work also prompted a thorough evaluation of the theory that
underpins the colloidal forces, which was published as a review (Bright et al., 2001; Appendix).

KEY RESEARCH ACCOMPLISHMENTS

« Demonstration that Microtubule Associated Proteins behave as unstructured polymers
(polyelectrolytes) and can generate a long range repulsive force, and that this force appears to
be predominantly entropic in origin. This provides a biophysical mechanism for maintaining and
regulating intertubular spacing, and supports the main hypothesis advanced in the proposal.

« Demonstration that the cytoskeletal (neurofilament) architecture can be recapitulated using an
entropic exclusion model, while the more popular cross-bridge model can not. This supports the
main hypothesis advanced in the proposal.

+ Demonstration that phosphorylation alters the effective interaction potential between
neurofilaments, suggesting a polyelectolyte behavior. This offers a mechanism for physiological
regulation of interfilament spacing.

REPORTABLE OUTCOMES
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Funding applied for based on work supported

Title: Protein-based polymer brushes: modeling and simulation of nanostructures

Source: National Science Foundation

Amount (total costs): $2,100,000

Duration: 3 years

Co-investigators: Dr. Michael Pauliatis; Dr. Thomas Woolf; Dr. William Russell

Submitted: 4/10/2000

The aim of this proposal is to develop a predictive theoretical framework for the protein based
polymer brush model which is being studied experimentally in microtubules and neurofilaments
in the supported work. This application was not successful.

Title: Unstructured polypeptides as materials with novel nanoscale properties

Source: National Science Foundation

Amount (total costs): $2,000,000

Duration: 4 years

Co-investigators: Dr. Mark Stevens; Dr. Michael Pauliatis; Dr. Thomas Woolf; Dr. William
Russell

Submitted: 11/1/2000

The aim of this proposal is to develop new biomaterials based on unstructured polypeptides.
Microtubule associated proteins and neurofilaments were major model systems in this proposal,
and the proposal builds directly on the work supported here. This application was not
successful.

Employment opportunities received on experiences supported by this award

« As a result of this award, we have established a collaboration with Dr. Terrone Rosenberry at
the Mayo Clinic. In this collaboration we are using atomic force microscopy to support Dr.
Rosenberry’s research on the mechanisms of a-beta assembly and Alzheimer’s disease. One
publication has resulted from this work (Michael R. Nichols, Melissa A. Moss, Dana Kim Reed,
Wen-Lang Lin, Rajendrani Mukhopadhyay, Jan H. Hoh and Terrone L. Rosenberry (2002).
“Growth of beta-amyloid(1-40) protofibrils by monomer elongation and lateral association.
Characterization of distinct products by light scattering and atomic force microscopy.”
Biochem., 41:6115-27).

« As a results of this award, we have established a collaboration with Dr. Anthony Brown at Ohio
State University. In this collaboration we are using atomic force microscopy to visualize
neurofilaments in preparations of splayed neurons, in an attempt to determine the number of
filaments being transported in a fluorescence based transport assay developed by Dr. Brown.

« Dr. Jan Hoh was promoted to Associate Professor in part do to his activities associated with
this award.

- Dr. Sanjay Kumar completed thesis research requirements with support from this award. Dr.

Kumar is presently interviewing for faculty positions and postdoctoral positions on the basis of
work supported by this award.
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CONCLUSIONS

There are several main conclusions from the work under this award. First, in agreement
with main hypothesis, microtubule associated proteins behave as though they are largely
unstructured and can give rise to a long range repulsive force that is predominantly entropic in
origin. This is an important finding that provides a biophysical mechanism that explains how
microtubule spacing is maintained. Second, treating the unstructured proteins domains as
polyelectrolytes, shows how interfilament potentials between neurofilaments and between
micromicrotubules (and probably between neurofilaments and microtubules) can be smoothly
modulated by phosphorylation. Further, the analysis of neurofilament distributions in axons
shows that these can be recapitulated with a soft long range repulsion of the type generated by
unstructured polymers. This provides support for the main hypothesis of the proposal, and also
demonstrates that the hypothesis has predictive power that extends from AFM force
measurements to the cellular context. The methods developed for the neurofilament analysis
will likely find use in analysis of neurofilaments and microtubules in a number of pathological
conditions. Together, the findings provide evidence that the established cross-bridge model for
neurofilament interactions is wrong, and suggests a new way to think about axonal mechanics
and the mechanisms of protein aggregation in neurodegenerative disease.




FEBS Letters 505 (2001) 374-378

FEBS 25246

AFM force measurements on microtubule-associated proteins:
the projection domain exerts a long-range repulsive force
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Abstract Microtubule-associated proteins (MAPs) are thought
to control spacing between microtubules. We propose that the
projection domain is largely unstructured and exerts a long-range
repulsive force that is predominantly entropic in origin, providing
a physical mechanism for maintaining spacing. To test this
hypothesis, we developed an experimental system where MAPs
are electrostatically end-attached to a flat surface, such that the
projection domains extend away from the surface. Atomic force
microscopy force measurements on this system show that
projection domains exert a long-range (>100 nm) repulsive
force. This force depends on the ionic strength of the solution in a
way that is consistent with a polyelectrolyte polymer
brush. © 2001 Published by Elsevier Science B.V. on behalf
of the Federation of European Biochemical Societies.

Key words: Unstructured; Entropic exclusion;
Microtubule-associated protein 2; Tau

1. Introduction

Microtubule-associated proteins (MAPs) are a class of pro-
teins that bind to the surface of microtubules in a nucleotide-
independent manner. These proteins are known to stabilize
microtubules against depolymerization [1]. There is also evi-
dence to suggest that MAPs play a role in maintaining spac-
ing between adjacent microtubules [2,3]. However, the mech-
anism by which this spacing is created and maintained is not
well understood.

There are two major classes of MAPs, type I and type II [4].
Here we are primarily concerned with type II MAPs which
include MAP2, tau and MAP4. These MAPs are composed of
two distinct domains: a C-terminal microtubule-binding do-
main and an N-terminal projection domain. The microtubule-
binding domain is approximately 400 amino acids in length
and is conserved among the type II MAPs. This domain is
highly positively charged and electrostatically binds to the
negatively charged surface of microtubules. The binding of
MAPs is regulated by phosphorylation where phosphorylation
causes MAPs to dissociate from the microtubule [5]. The pro-

*Corresponding author. Fax: (1)-410-614 3797.
E-mail address: jhoh@jhmi.edu (J.H. Hoh).

Abbreviations: AFM, atomic force microscopy; APTES, 3-amino-
propyl-triethoxy-silane; BSA, bovine serum albumin; IgG, immuno-
globulin G; MAP, microtubule-associated protein; PIPES, 1,4-piper-
azine-diethane-sulfonic acid

jection domain is not as well conserved as the microtubule-
binding domain, and varies in length, from ~ 300 amino acids
in tau to ~ 1400 amino acids in the high molecular weight
isoforms of MAP2. This domain is highly negatively charged;
for instance, in MAP2b there are 287 acidic (D and E) and
138 basic (K and R) amino acids [6]. Phosphorylation of the
projection domain further increases the amount of negative
charge on this part of the molecule [7].

MAPs bound to microtubules produce a structure that re-
sembles a bottle brush where the projection domains extend
away from the surface of the microtubule [2,8]. When micro-
tubules with MAPs are sedimented, they form a gel where
microtubules are widely spaced [9]. For example, the center
to center distance between microtubules with MAP2 bound is
~ 89 nm, while in the absence of MAPs, the distance is 44 nm
[2]. The distance between microtubules is related to the size of
the projection domain [10], but the mechanism by which the
projection domain maintains this spacing is not known. One
hypothesis is that the projection domain acts as a cross-
bridge, essentially forming a strut between adjacent microtu-
bules [3,11,12]. Alternatively, Mandelkow and colleagues de-
scribe MAPs as acting as ‘soft’ spacers, based on small angle
X-ray scattering of MAP-microtubule gels [13]. A biophysical
mechanism for such spacing activity has been proposed [14].
Here the projection domain is highly unstructured, in rapid
Brownian motion, and produces a repulsive force that is pri-
marily entropic in origin. This behavior is similar to that of
unstructured, non-biological polymers that are widely used to
stabilize colloidal suspensions [15]. Thus MAPs bound to the
surface of a microtubule can be viewed as a polymer brush,
and can maintain the distance between microtubules by en-
tropic repulsion. This is similar to a proposed mechanism by
which neurofilament side-arms maintain spacing between neu-
rofilaments [16].

Consistent with this model, there are several lines of evi-
dence that suggest that the MAP projection domain is un-
structured. In 'H [17] and B3C [18] nuclear magnetic resonance
studies of MAPs, the spectra have narrow resonance peaks
that are typical of highly mobile and flexible molecules. Ex-
tensive biophysical characterization of MAP2, including cir-
cular dichroism, fluorescence spectroscopy and sedimentation
equilibrium, has shown the protein to be mostly disordered
[19]. In addition, recent analyses of sequences of intrinsically
unstructured polypeptides have revealed several features that
are characteristic of this class of polypeptides. In particular,
unstructured polypeptides tend to be low complexity (i.e. con-
tain a small number of different amino acids) with a high
fraction of polar amino acids [20-22]. The projection domain

0014-5793/01/$20.00 © 2001 Published by Elsevier Science B.V. on behalf of the Federation of European Biochemical Societies.
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of MAPs has a very high content of polar amino acids and the
sequence is low complexity {23].

To test the hypothesis that the projection domain of MAPs
is unstructured and forms a polymer brush on the surface of
microtubules, we have developed a system to study forces
produced by the projection domains of MAPs. This system
exploits the positive charge on the microtubule-binding do-
mains to electrostatically end-attach MAPs to a negatively
charged substrate (mica). With the microtubule-binding do-
mains attached to the mica, the projection domains extend
away from the mica surface and, at sufficient density, form
a polymer brush. Forces exerted by the projection domains
can then be studied by direct atomic force microscopy (AFM)
measurements (e.g. [16,24,25]). Our measurements demon-
strate the presence of a long-range repulsive force that is con-
sistent with a polyelectrolyte brush.

2. Materials and methods

2.1. Protein adsorption to mica

A whole MAP fraction from adult bovine brain (Cytoskeleton Inc.,
Denver, CO, USA), composed of 70% MAP2a/b and 30% other
MAPs, including tau, was used. This preparation was restored from
a lyophilized powder with water to a 1 mg/ml stock solution in 10
mM 1,4-piperazine-diethane-sulfonic acid (PIPES), 0.3 mM EGTA
and 0.3% sucrose. 10 pl of the stock solution was added to 40 pl of
1 mM PIPES, pH 7.2 (Sigma Aldrich, St. Louis, MO, USA). The 50
ul aliquot was incubated on a freshly cleaved mica disk (Asheville-
Schoonmaker, Newport News, VA, USA) for 30 min at room temper-
ature. The mica was then thoroughly washed with 1 mM PIPES, pH
7.2. All solutions were prepared in deionized (>18 MQ) and UV-
treated water (Milli-Q UV, Millipore Corp., Bedford, MA, USA).
Care was taken to keep the sample submerged in buffer during sample
preparation and throughout the experiment.

Contro! proteins included bovine serum albumin (BSA; Sigma Al-
drich), type II histone (Sigma Aldrich), skeletal muscle myosin (Sigma
Aldrich) and an immunoglobulin G (IgG; Sigma Aldrich). A 1 mg/ml
solution of each protein, in 1 mM PIPES, pH 7.2, was prepared. A 10
! aliquot of the protein solution was added to 40 pl of 1 mM PIPES,
pH 7.2. The 50 pl aliquot was incubated on freshly cleaved mica for
30 min, rinsed thoroughly and used in AFM force measurements.

3-Aminopropyl-triethoxy-silane (APTES)-modified mica surfaces
were prepared essentially as previously described [26]. Briefly, 100 pl
of neat APTES (Sigma Aldrich) was diluted into 10 ml of 1 mM acetic
acid. The mica stubs were immersed in the APTES solution for 10
min, then thoroughly rinsed with distilled water and blown dry with
compressed gas (Vari-Air, Peca Products, Janesville, WI, USA). These
substrates were used in place of regular mica where indicated.

2.2. AFM

A Nanoscope III or IIIa controller equipped with a Multimode
AFM, a J type scanner (xy scan range ~ 150 um; z range ~6 pm)
and conventional fluid cell (Digital Instruments, Santa Barbara, CA,
USA) were used. Unsharpened ‘D’ type silicon nitride cantilevers
(Microlevers; nominal end-radius ~50 nm; Thermomicroscopes,
Sunnyvale, CA, USA) with a nominal force constant of 0.03 N/m
were used. Cantilevers were cleaned for 20 min by exposure to high-
intensity UV light (UVO-Cleaner, Jelight Co. Inc., Laguna Hills, CA,
USA). Force curves were typically collected over 1-2 um with 2048
data points per curve, at a rate of 0.1 Hz. Relative triggers of 0.3-3
nN were used to prevent the tip from gouging the surface. A closed
fluid cell was used to allow for fluid exchange during an experiment.
When exchanging solutions of different ionic strength, the fluid cell
was rinsed with several ml (> 20 times the fluid cell volume) of the
new solution prior to a measurement.

2.3. Quantitation of MAPs bound to mica

To estimate the density of MAPs bound to the mica surface, known
quantities of MAPs were adsorbed to mica and rinsed as described
above. MAPs bound to mica in each sample were then solubilized in
33 pl Laemmli sample buffer (62.5 mM Tris-HCI, pH 6.8, 2% sodium
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dodecy! sulfate, 25% glycerol, 0.01% bromophenol blue, 20% B-mer-
captoethanol). A 25 ul aliquot of solubilized MAPs from each sample
was run on a 7.5% acrylamide gel, together with MAPs of known
amounts. The gel was silver-stained (Bio-Rad) and densitometry anal-
ysis was performed using Fujifilm LAS-1000 and Fuji Image Gauge
V3.3 imaging software (Fujifilm Medical Systems USA, Inc., Edison,
NJ, USA).

3. Results and discussion

To test the hypothesis that the projection domain of MAPs
behaves as an unstructured polymer, we developed a system
for studying forces exerted by the projection domain (Fig. 1).
Our approach was to end-attach MAPs to mica via the micro-
tubule-binding domain. This domain is highly positively
charged and should electrostatically bind to the negatively
charged surface of mica, leaving the projection domain free
to extend away from the surface. At a sufficient density of
proteins, a polymer brush should form. The properties of
this brush could then be examined by direct AFM force mea-
surements.

Force measurements on the MAP system showed a long-
range repulsive force (Fig. 2). This long-range repulsive force
could be detected 100-150 nm away from the surface. Within
a given preparation, forces measured at different points on the
surface did not vary significantly. When small compressive
forces were used (<0.3 nN), the retracting curve retraced

MAPs incubated
on mica

End-attached
MAPs on mica

o B XPUL
e Pagny, \’)5(
fias (Ogesn

),
{)
2,8 £ a8
e B S N R I IR I3 WP G O IR D

Force measurements
on MAPs

DR
');,&gl.f«'—) | de=xU ’)‘
O IIR USRS
22 0 ) i a3 SN S | A6 BFTA DD

Fig. 1. Schematic of the experimental system of MAPs end-attached
to mica. Positively charged microtubule-binding domains (rectangles)
electrostatically interact with negatively charged mica (thick horizon-
tal line). The MAPs self assemble into a polymer brush on the mica
surface, with the projection domains extending away from the sur-
face. The properties of the projection domain are investigated by di-
rect AFM force measurements.
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Fig. 2. Force measurement on the MAP polymer brush. A long-
range, roughly exponential, repulsive force can be detected up to
150 nm away from the surface in the presence of MAPs. In each of
the controls, BSA, type II histone, IgG and skeletal muscle myosin
on mica, and MAPs bound to APTES mica, the long-range repul-
sive force is absent. For clarity, data for type II histone and IgG
are not shown. In both those cases the measured forces were no
greater than those for BSA.

the advancing curve exactly in >90% of the curves. In the
remaining < 10% a negative deflection away from the surface,
typical of a trapped polymer, was observed. When high com-
pressive forces were used, the approach curve overlapped the
low force measurements but complex retracting curves were
commonly observed. These retracting curves were highly ir-
regular and suggested multiple interactions between molecules
on the surface and the tip. Approach curves were reproducible
for hundreds of measurements, suggesting that protein was
not accumulating on the tip with time. These measurements
are consistent with an entropic force originating from a poly-
mer brush [16,24,25].

Several controls were performed to support this interpreta-
tion. First, different proteins that are thought to be well
folded were adsorbed to mica and the forces measured. BSA
and type II histone are known to be folded from X-ray crys-
tallography [27,28]. Type II histone is positively charged and
should bind electrostatically to mica, similar to the microtu-
bule-binding domain. We note that a short stretch of type II
histone has been proposed to be unstructured [20,21]; how-
ever the unstructured portion of the molecule is positively
charged and should be immobilized on the mica. Other con-
trol molecules included skeletal muscle myosin and IgG. None
of the control proteins exhibited the type of long-range repul-
sion seen for MAPs (Fig. 2). Second, forces from MAPs in-
cubated on APTES-modified mica were measured. APTES
modification of mica creates a positively charged surface
(26]. This surface should bind the negatively charged projec-
tion domain and prevent the formation of a polymer brush. In
agreement with that prediction, the APTES-bound MAPs did
not produce a long-range force (Fig. 2).

The amount of MAPs bound to the surface was estimated
by removing the MAPs from the surface and quantitating
them by gel electrophoresis and densitometry. Samples, pre-
pared identically to those used in the force measurements, had
a MAP concentration on the mica surface of approximately
100 ng/cm?. This corresponds to a monolayer of MAPs with
an average intermolecular distance of 20 nm. For an ideal
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polymer of the length of the MAP2 projection domain
(~500 nm) in a theta solvent, the radius of gyration is
~22 nm. This is larger for a polymer in a good solvent, as
would be the case for a polyelectrolyte in water. Thus the
measured grafting density is well within the brush limit and
is consistent with the picture presented in Fig. 1. In addition,
the amount of protein bound to the mica saturates, with an
increasing amount of protein used in the initial incubation,
near 100 ng/cm?, indicating that the protein does not form
multilayers (data not shown).

Given the large net negative charge of the projection do-
main, it might be expected to behave as a polyelectrolyte. One
characteristic property of polyelectrolyte polymer brushes is
that the degree to which they are expanded is sensitive to the
ionic strength of an aqueous medium [29]. Such sensitivity to
ionic strength depends on ionic screening of intramolecular
interactions. This prediction was supported by force measure-
ments on the MAP polymer brush in solutions of different
ionic strength (NaCl concentration), which show that as ionic
strength increases, the measured force decreases (Fig. 3). The
ionic strength sensitivity also demonstrates that the forces
measured are not simply an electrostatic force between the
layer of protein at the surface and the AFM tip. The decay
length of the force measured in 100 mM NaCl is ~7 nm. This
is a factor of seven larger than would be expected for a purely
electrostatic interaction (e.g. [30,31]). It should be noted that
changes in intramolecular interactions in a polyelectrolyte
could also be achieved by modifying the intrinsic charge,
which can be accomplished in a biological context by phos-
phorylation and dephosphorylation (discussed below).

One concern regarding the ionic strength sensitivity is that
the decrease in force could result from loss of MAPs from the
surface, due to ionic effects on the interaction of the micro-
tubule-binding domain with the mica. Indeed, high ionic
strength solutions are used to disrupt the interaction of the
microtubule-binding domain with negatively charged chroma-
tography media (phosphocellulose) during MAP purification
[32,33]. To ensure that the change in force was not due to a
loss in MAPs from the surface, we tested the reversibility of
the ionic strength effect. Following an experiment where ionic
strength had been increased from the 1 mM PIPES to 1 mM
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Fig. 3. Force measurement on the MAP polymer brush as a func-
tion of ionic strength. The long-range repulsive force decreases with
increasing ionic strength. This sensitivity to jonic strength is consis-
tent with a polyelectrolyte polymer brush.
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Poorly
A Phosphorylated

Fig. 4. Proposed regulation of MAP polymer brush by phosphoryla-
tion and dephosphorylation. A: Dephosphorylation reduces the in-
tramolecular repulsion, causing the projection domains to become
more compact and allows the microtubules to move closer. B: Phos-
phorylation of the projection domains causes the projection domains
to expand due to an increase in intramolecular repulsion. This in
turn causes the distance between adjacent microtubules to increase.

PIPES with 100 mM NaCl, the ionic strength was returned to
1 mM PIPES. This fully restored the original force, indicating
that there was no detectable loss of MAPs from the surface
(data not shown).

The focus of the work presented here is to provide evidence
that the projection domains of MAPs behave as unstructured
polymers, and can give rise to a long-range repulsive force
that is predominantly entropic in origin. By predominantly
entropic we mean that the protein is mostly unfolded, and
that the force arises from restrictions to the space available
for the protein to explore. This is not to exclude intramolec-
ular interactions, such as electrostatic interactions, that are
particularly critical in polyelectrolytes. Furthermore, it is not
to say that some parts of the projection domain might not
have some structure, but overall, the projection domain is
sufficiently unstructured to give rise to the measured forces.
The data presented clearly support this hypothesis, and pro-
vide a biophysical mechanism for MAPs maintaining spacing
between microtubules. In this role, the polymer brush model
for MAPs on microtubules advanced here suggests that MAPs
should be highly compressible (compared to a folded protein).
This is in agreement with the finding by Mandelkow and
colleagues, who showed that MAPs behave as compressible
spacers between microtubules [13]. However, the results pre-
sented here do not strictly exclude MAPs cross-linking micro-
tubules. The free end of the projection domain could in prin-
ciple bind to an adjacent microtubule, leaving the remainder
of the projection domain unstructured and free to move. The
results also do not exclude the binding of other molecules to
the MAP projection domain, as has been proposed (e.g. [34]).

The polymer brush model for MAPs suggests a general
mechanism for regulation of projection domain function and
a specific mechanism for the effect of phosphorylation on
microtubule packing (Fig. 4). Small angle X-ray scattering
has been used to show that phosphorylation of MAPs in-
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creases the distance between microtubules in MAP-microtu-
bule gels [13]. Increasing the charge of a polyelectrolyte in a
good solvent produces an increase in the radius of gyration
through increased intramolecular repulsion [29). Therefore, in
the model presented here, phosphorylation of MAPs would
increase the intramolecular repulsion and cause the MAP
polymer brush to expand.

Beyond providing a mechanism for maintaining spacing
between microtubules, the question of what the biological
significance of the long-range force reported here might be
arises. To begin with, the MAPs may contribute to cellular
mechanics in a way identical to that proposed for neurofila-
ments [16]. The unstructured projection domain could act as
an entropic spring between microtubules, or between micro-
tubules and other cytoskeletal components (e.g. neurofila-
ments). This spring would resist mechanical compression
and could serve to maintain cell shape. The unstructured pro-
jection domain would also occupy a very large volume, com-
pared to folded protein of the same length, and tend to ex-
clude other macromolecules in a size-dependent manner (the
larger the molecule the more it would be excluded). This in
turn could lead to a significant increase in the effective con-
centration of excluded molecules and thereby influence their
intracellular biochemical activity. It should be noted that the
presence of the polymer brush does not exclude the binding of
other proteins to the surface of microtubules. For example,
MAPs have been proposed to regulate motor protein interac-
tions with microtubules [35]. Interestingly, Mandelkow and
colleagues [36] have shown that tau affects the attachment
and detachment of motor proteins but not the transport
speed. Finally, unstructured polymers grafted to the surface
of colloidal-sized particles are commonly used to prevent ag-
gregation [15]. Microtubules themselves are highly soluble,
and hence it would not appear that MAPs are involved in
maintaining their solubility. However, it is interesting to
note that some MAPs, in particular tau, are known to aggre-
gate under pathological conditions [37,38]. Such aggregation
might be expected if the polymer brush behavior of MAPs
described here failed.
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Experimental findings that some polypeptides may be unstructured and behave as entropically
driven polymeric spacers in biological systems motivates a study of confined polymers. Here we
examine the confinement of neutral, polyampholyte, and polyelectrolyte polymers between two
parallel surfaces using course grained models and molecular dynamics. Forces between the
confining surfaces are determined for different polymer classes and as a function of chain length,
charge sequence (pattern) and degree of confinement. Changes in chain properties are also evaluated
under these conditions. The results reinforce the significance of length and net charge for predicting
chain properties. In addition the clustering of charge along the chain appears to be critical, and
changes in cluster size and distribution produce dramatic changes in chain behavior. © 2001
American Institute of Physics. [DOI: 10.1063/ 1.1392361]

1. INTRODUCTION

It is becoming increasingly clear that many proteins or
regions of proteins are intrinsically unstructured, and that
their function is directly related to being unstructured. A
number of potential functions for unstructured polypeptides
have been proposed.l'3 One of these functions is based on
the thermally driven motion of a polypeptide acting as a
molecular spacer through primarily entropic forces. This type
of entropic exclusion is common in nonbiological systems.*
In biological systems there is evidence to suggest that un-
structured polypeptides play an important role in stabilizing
casein micelles,>® maintaining interfilament spacing between
neurofilaments,” and possibly a range of other functions.3
Sequence analysis of unstructured polypeptides shows that
these chains often have low sequence complexity and have
an abundance of charged or hydrophilic amino acids.>® This
suggests that the extensive body of models and theory that
have been developed to predict the behavior of nonbiological
polymers might be productively applied to understand func-
tional properties of unstructured polypeptides. In particular,
the practice within the polymer community of using course
grained (mesoscopic) models offers significant computa-
tional advantages over the detailed all atom representations
commonly used in the protein simulation community. Within
the course grained framework one can begin by categorizing
polypeptides into one of three general polymer types, neu-
tral, polyampholyte or polyelectrolyte. Here neutral poly-
mers have no charged monomers, polyampholytes have
charged monomers but a near net zero charge and polyelec-
trolytes have charged monomers and a net charge. It should
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be noted that polymer theory has been extensively applied to
biopolymers in other contexts, such as protein folding issues
(e.g., Refs. 9 and 10), and polyelectrolyte systems such as
DNA (e.g., Refs. 11 and 12). However, here our long-term
aim is to obtain functionally relevant properties of intrinsi-
cally disordered polypeptides.

Polymer theory provides clear predictions for general
chain behavior under certain limits. There is a substantial
body of literature describing the properties of neutral poly-
mers under a range of conditions.”> Polyampholytes and
polyelectrolytes have also been studied, but are less well
understood.!*~!° However, making more detailed analytical
predictions for charged polymer systems is challenging. This
reflects the difficulties in approximating the interplay be-
tween long-range electrostatic effects and entropic effects.
Some of these difficulties can be overcome using simula-
tions.

Most studies on charged polymers have used either ran-
dom or regularly alternating charge sequences, and have fo-
cused on average properties (e.g., the radius of gyration or
the shape of chains). From such an analysis there is an un-
derstanding of chain behavior as a function of total
charge,'5%%! for changes in solvent quality'5?? or for the
presence of an external field.?>?* There has been much less
work on the effect of a particular charge sequencels‘”"27 or
on constrained (e.g., surface attached, adsorbed) chains or
chains in confined geometries. Here we present molecular
dynamics (MD) simulations of neutral, polyampholyte, and
polyelectrolyte polymers under varying degrees of confine-
ment, performed using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) molecular dynamics
code.?® In addition to confinement, we vary chain length,
charge sequence, and net charge of the charged polymers. In
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these simulations we use course grained bead representations
of the polymer chain. Nonbonded interactions are treated by
a strictly repulsive Lennard-Jones (LJ) potential. Bonds are
simulated by a sum of the repulsive LJ potential and the
finitely extensible, nonlinear elastic (FENE) potential. The
solvent is treated implicitly using a continuum dielectric, and
LJ parameters yield good solvent conditions for each chain.
In addition, for charged polymers the simulations include
explicit counterions. For these systems we compute full Cou-
lombic interactions via the particle mesh Ewald algorithm. In
all simulations, polymer chains are end-attached to a flat sur-
face. For confinement, a second flat “probe” surface is
moved to variable distances above the first. Both flat surfaces
are purely repulsive, except for the anchoring bead. By ex-
amining the force on the probe surface as a function of the
distance between the two surfaces, force-distance curves
similar to those obtained experimentally by atomic force mi-
croscopy are produced. We also examine the confined poly-
mer’s structure.

We first present a brief background section discussing
the initial expectations for polymer chains in the neutral,
polyelectrolyte, and polyampholyte categories. We then de-
scribe simulations with confinement of neutral chains. We
present the calculated confining force on the walls and chain
properties for chains of varying length. In Sec. IV we present
simulations of charged systems—i.e., simulations of poly-
electrolytes and polyampholytes with variations in their
charge sequence. In this section we use simulations with a
fixed chain length and varying degrees of confinement. We
conclude with a general discussion and possible future direc-
tions for these studies.

il. THEORETICAL BACKGROUND
AND EXPECTATIONS

Polymer theory has been successfully applied to macro-
molecules with many individual bead components. The gen-
eral approach is to compute properties as averages over the
full statistical mechanical phase space of accessible confor-
mations. For example, the average end-to-end distance of the
chain is calculated by balancing entropic and excluded-
volume effects to exhibit the classic scaling behavior: Rg
=(R*)"2~aN", where a is the segment or monomer size, N
the number of monomers and » is the Flory exponent, equal
to 1/3, 1/2 and ~3/5 in poor, 6 and good solvents in three
dimensions, respectively.

For chains end-attached (grafted) to a surface the con-
figurational space is reduced from the bulk, due to the addi-
tional constraint on the tether point of the chain. For high
grafting densities interactions with other chains leads to
strong stretching away from the surface (the polymer brush
state). For sparse grafting (and sufficiently long) chains the
surface is characterized by individual polymers occupying
half “mushroom” spheres with radial dimensions following
the same scaling behavior as dilute chains in bulk. The den-
sity profile of segments normal to the surface is predicted”
to exhibit a maximum several monomer lengths from the
surface and spread more in the radial direction parallel to the
attachment plane than normal to it.

Bright et al.

A Tether Point

FIG. 1. Geometry of the simulations. The chain is permanently attached via
the first neutral segment to the bottom surface. The top surface, modeling a
probe or similar confining object, is held parallel to the bottom surface at a
separation D. This separation D is varied in the simulations to individually
collect force curves and chain properties for each simulation once equilibra-
tion has been obtained.

The presence of an additional confining surface will alter
the unperturbed behavior of the chain. The simplest system
to consider is the case of confinement between two parallel
plates separated by a distance D in good solvent®0-32 (Fig.
1). For D>Rp the chain is weakly confined and interacts
with the surfaces through fluctuations in the chain beyond its
average dimensions. For D<Rp the chain may be described
as a string of “blobs,” !> with radius D/2, containing
(D/a)*” monomers exhibiting similar statistics to an unper-
turbed coil. The chain adopts a two dimensional pancake of
radius Rp;~aN>*(a/D) V4 The total free energy of this type
of system is determined by summing the contributions of the
blobs ~kT:

5/3
F=kTN(b-) , 1)

for a<€Rp<D and the chain resists further compression by
exerting a force scaling as

83
f= kTNa‘l(i) 2
Dl
on the confining plane. The force required to compress the
polymer is predicted to increase linearly with the chain
length and with a power law exponent of —8/3 with changes
in D. For separation distances D> Ry the force loses its de-
pendence on chain length and becomes exponentially
small.® For finite size compressing objects there is a pos-
sible escape transition by chains stretching to unconfined re-
gions of space34 or by arbitrary shape/misalignment,35 how-
ever this is precluded by the geometry adopted in this paper.

The scaling laws for length and separation dependence
have been tested by numerical SCF,36 and MC and MD3'#%%7
studies for chains of varying finite length. Most studies find
an exponent in excess of that predicted by Eq. (2) while
retaining the predicted scaling behavior with chain length N.
An analysis of the monomer distribution profiles via SCF
confirms the “mushroom’ configuration of the chain at large
separations and the gradual transition to a two dimensional
pancake with increasing confinement.

The properties of polymers bearing charged groups are
less easily accessible to either simple theory or simulation.
Analytic theory is complicated by the additional length
scales of the system. Simulation is complicated by the diffi-
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culty in accounting accurately for the full electrostatic inter-
actions of the system while retaining computational effi-
ciency.

The average properties of a polyampholyte (of which a
polyelectrolyte may be considered a limiting case), will be
controlled by the balance of electrostatic interactions and en-
tropic degrees of freedom. For example, the electrostatic in-
teractions in overall neutral chains promote collapse, while
in the case of charge imbalance they promote swelling. In
contrast, entropy promotes Gaussian-like configurations. Dif-
ferent regimes of behavior are dependent on the relative im-
portance of these effects. Thus at high temperatures thermal
effects dominate chain behavior and both chain dimensions
and shape are relatively unperturbed by the presence of
charged groups. At intermediate temperatures and with sig-
nificant charge asymmetry (net overall charge) the chain be-
havior is dominated by electrostatic repulsion between un-
compensated charged groups. Thus the chain is predicted to
extend beyond its unperturbed dimension, reaching in the
limit of infinite dilution and a strongly charged polyelectro-
lyte, a rodlike configuration. For intermediate temperatures
and net neutrality the behavior is dominated by fluctuation
induced attractions between unlike charges and the polyam-
pholyte collapses to a globular configuration with dimen-
sions less than that of the unperturbed chain. That is the
charges screen each other in a Debye—Huckel-like fashion.
At very low temperatures or very poor solvents the configu-
ration may be frozen, resulting in “pearl-necklace” configu-
rations of the chain.

External fields, added salt, charge sequence variation and
excess charge may significantly influence the behavior of
polyampholyte chains. An external field, for example, can
lead to further frustration of the chain, due to an additional
pull or repulsion on the charged groups. A similar situation is
predicted for chains with a net overall charge >~gVfN'?
(g is the unit charge) where frustration may result in chains
exhibiting both collapsed neutral and stretched highly
charged portions.38 The charge sequence may also play an
important role in the balance of thermal and electrostatic
effects producing variation in the chain dimensions for
chains with similar total composition.” Chains with strictly
alternating sequences of charge are not well described by
Debye—Hiickel theory since charge fluctuations over dis-
tances of the order of the screening length are generally not
possible. They are predicted? to collapse in the same manner
as neutral polymers in a poor solvent and may be described
by an effective, negative second virial coefficient. Such
chains are more soluble than polyampholytes with random
sequences of charges, with decreasing solubility as the ran-
domness or size of charged blocks along the chain increases.

Three important length scales can be identified for the
description of polyampholyte chains. All our simulations are
performed with charge separation along the backbone b
equal to the monomer size a and we work with this latter
parameter. The Bjerrum length, Np=eXl4meepkT is a mea-
sure of the distance over which charge groups interact. Under
physiological conditions it has a value of ~7 A. The relative
importance of thermal and electrostatic interactions is char-
acterized by the dimensionless coupling constant I'=Ag/a.
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For polyampholytes with charge fraction f=1 (all segments
charged) in good solvents and I'<N*3 the thermal effects
dominate while for I'>N?> the electrostatic interactions
dominate behavior. Values of I'<1 imply the counterions are
dispersed and results in neglible screening. For values of I
>1 this assumption is no longer appropriate and condensa-
tion of the counterions may occur, in order to preserve the
threshold charge density of the chain, making theoretical
analysis difficult. Finally the Debye screening length k!
=(4mhgp)~ ' where p is the ionic concentration (in our
simulations~monomer concentration) measures the length
scale over which electrostatic interactions are screened. For
very dilute solutions this screening effect is negligible.

lil. SIMULATION DETAILS

Simulations are performed using the LAMMPS? code de-
signed for the study of neutral and charged polymer systems.
The code was modified to model the system of interest—
end-grafted chains in the low density limit confined by in-
penetrable surfaces in an infinite 2-dimensional geometry. As
in many applications of polymer theory, we are interested in
a general class of polymers—polypeptides. Thus we look for
common trends across our set of simulations. Towards this
end, we employ the representation of the system as a set of
coarse grained bead-springs. In this representation each
bead-spring/monomer represents several chemical bonds.
Water molecules are not represented explicitly, however their
stochastic effect is captured by coupling to a heat bath pro-
ducing random thermal forces through the friction constant
+. At the length and timescales of interest that we consider,
the precise nature of this coupling should not play a role.
Additionally screening effects of water on electrostatics are
captured with a continuum dielectric. Ions are included ex-
plicitly and the full Coulomb interactions are calculated with
particle—particle—particle mesh Ewald. Use of this code to
treat electrostatics is critical, since cutoff methods have been
shown to lead to artifacts and several recent theoretical, nu-
merical and experimental works®*~#! have indicated that ion
fluctuations may significantly alter the electrostatic interac-
tions of polyelectrolyte and polyampholyte chains. The two
confining surfaces are modeled as homogeneous, flat, paral-
lel surfaces exerting a short-range repulsive force on all
monomers but the tether monomer. These surfaces are peri-
odic with the boundaries of the simulation cell: the simula-
tion approximates an infinite x-y periodic system with the z
periodicity present, but adjusted to have a small effect on the
planar energies and forces. We should also note that the x-y
dimensions were chosen to enable a polymeric chain to re-
main confined with the central cell. The exact fraction of the
cell confining the chains and ions is varied in different simu-
lations, however the chains are always in the dilute limit. In
other words, there are no LJ interactions between the poly-
mer in the central cell and its periodic images.

The behavior and properties of any one given chain is
determined by (i) excluded-volume type interactions with
bead monomers, with explicit ions and with the two wall
surfaces, (ii) the constraint of connectivity along the back-
bone, (iii) random thermal agitation and frictional drag due
to the solvent (modeled through the Langevin equation), and
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(iv) long-range Coulombic interactions between charged
groups. The net potential is thus given by the summation

Uror=Up+ Ucut UwarLt Ucous 3

and the motion of any given bead i, with mass m and posi-
tion r; is described by the Langevin equation:

d*r;
" ds

where 1 is the friction constant and W;(¢) represents the
random forces coupled to 7y through the fluctuation-
dissipation theorem.

We take into account excluded volume interactions for
the monomers and ions via a standard Lennard-Jones poten-
tial:

o 12 o 6 o 12 o 6
s (7} (7] -(7) A7) o

truncated at r,=2"%o so that the interactions are strictly
repulsive and athermal good solvent conditions are repro-
duced. Since this work is the initial part of a general treat-
ment, the ion size is identical. The effect of differing ion size
will be treated later.

To model the effects of connectivity we employ a finite
extensible nonlinear elastic (FENE) spring potential:

dr;
==§U-my—-+ W), @)

1 r\2
UCH(r)=—5kR(2) 1n(1—(k;) ) 6)

which produces the required restoring force counterbalanc-
ing the excluded volume interactions of the chain. A spring
constant of k=30e/0? and a maximum bond extension R,
=1.50 are adopted in all our simulations, following previous
studies indicating this parameter set to be a good choice for
tethered systems. For uncharged chains this leads to an av-
erage bond length [,,=0.97¢*? while for charged chains this
is stretched slightly to [,,= 0.980.4

In the uncharged simulations each monomer in the chain
is neutral and no ions are present. For the charged simula-
tions each monomer of the chain is charged either positively
or negatively to produce a polyampholyte with zero net
charge, or a progressively greater net charge ending with the
limiting case of a polyelectrolyte. The charge separation b
along the chain backbone is given by the average bond
length I,,. All charged chains have 32 charged monomers
and one neutral tether monomer and are simulated at a fixed
monomer density of 10733 (for the unconfined system)
with 32 explicit counterions balancing the charge on the
chain and 12 additional ions with net zero charge. The mono-
mers and ions are always confined by the boundaries of the
surfaces so that the effective density varies, depending on the
surface—surface separation.

For all calculations with charges present (net neutral sys-
tems) we used particle—particle—particle mesh Ewald
methods* within the LAMMPS code. This method is similar
to the particle mesh Ewald method® in providing NlogN
performance. For our two-dimensional (2-D) periodic sys-
tem, we also considered using 2-D Ewald methods,**~* but
these are known to be an order of magnitude (or worse)
slower than 3-D methods. We used the “parallel plate capaci-
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tor” approximation developed by Spohr.® In this approxima-
tion, a large amount of empty space is allowed in the
z-direction within the primary simulation cell. Spohr found
that at least 5-times more distance in the z dimension should
be used than present in the “matter-filled” regions. That is,
with sufficient “empty-space” present, the coupling between
the lattice spacing in the z-direction to the rest of the periodic
images in the x-y plane is reduced to nearly zero. In our case
the empty-space varied with the polymeric system, but gen-
erally was on the order of from five- to fifty-times larger than
the primary “matter-filled” region of interest. The variability
in this ratio reflects the position of the probe surface relative
to the simulation box dimensions. With this choice of simu-
lation conditions we have created a 2-D periodic system that
represents the electrostatics of confinement.

The strength of the Coulomb interactions is set by the
Bjerrum length Ag. All our simulations adopted the value
Ap=0.8330, giving I'=0.85 and placing our simulations
within the counterion condensation regime. We are thus
modeling strongly charged polyelectrolyte and polyam-
pholyte chains. The charge sequence variations along the
chain backbone are systematically varied either by increasing
the size of repeating blocks of charged monomers (for the net
neutral chains) or by varying the net charge on a random
sequence of charges (for the Qror>0 chains).

In all our simulations the first bead is neutral and fixed
permanently to the bottom of two confining surfaces (see
Fig. 1). These surfaces interact with all other monomers and
ions in the system via the repulsive potential:

UWALL=Z_6, (7)

cut off at 2.20 from the walls. The potential of mean force is
calculated as a function of distance from the top surface. The
bottom surface is maintained at a fixed position throughout
all the simulations. Results for each D separation are col-
lected individually and the potential of mean force reported
as a function of D. The top surface is first rapidly brought
from a large distance to the confinement distance and then
held fixed while the chain is allowed to equilibrate. We
monitored the approach to equilibrum of the chain with run-
ning averages of the potential of mean force and chain prop-
erties, e.g., R, R, with a typical run time of 5x10’
timesteps.

For the neutral chains, full force curves for four different
chain lengths N=16, 32, 64, 128 (excluding the tether mono-
mer) were collected in this manner. For lengths varying be-
tween N=16 and N=256 the potential of mean force and
chain properties were studied for several different separa-
tions. With charged chains the length was kept fixed and the
charge sequence of the backbone varied—the potential of
mean force and chain properties was then calculated for fixed
separations of confinement.

The average end-to-distance R and radius of gyration R,
were calculated from

(R?)=((ro=rn-1)%), ®

and
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TABLE L. The number of monomers is N, and the wall separation is D.

Class N Net charge Repeat D
Neutral 16 0 3.21-14.11, »
Neutral 32 0 321-14.11, ®
Neutral 64 0 321-14.11, ®
Neutral 128 0 3.21-14.11,
Neutral 256 0 3.21-9.75,
Polyampholyte 32 0 1-1, 2-2, 3.21, 5.39, 8.20,

4-4, 8-8, 16-16
Polyampholyte 32 4 random 3.21, 5.39, 8.20,
Polyampholyte 32 8 random 3.21,5.39, 8.20,
Polyampholyte 32 12 random ®
Polyampholyte 32 16 random o
Polyelectrolyte 32 32 3.21, 5.39, 8.20, =
1 N-1
2\ _ 2
<Rg>—ﬁ<j=20 (rj—rem) >, )

where O denotes the first monomer after the tether and
N—1 the last: there are N “chain monomers” and the tether
point is excluded from the calculation. The ratio r=R2/R§ ,
indicative of the chain asymmetry and the average position
of the center of mass were monitored, and density profiles
n(r) of the chain segments calculated at different compres-
sion distances. Calculations in the charged systems deter-
mined the counterion distributions as well as the radial dis-
tribution functions of oppositely charge segments within the
chain. The configurations of the chains over time were fol-
lowed through visualization in GNUPLOT and typical snap-
shots collected and plotted using RASMOL.

In all simulations the timestep is Ar=0.00157, where
r=o(m/€)"? is the LJ time and is set to 1. The temperature
is maintained at T=1.2¢€ and coupled to the heat bath via the
friction constant y= 7", This choice leads to good sampling
while ensuring chain motion is not overdamped.

The force was calculated in a push—hold—equilibrate ap-
proach where the probe surface was shifted to a new position
and the polymer system allowed to relax and equilibrate be-
fore data was collected on the average force exerted on the
probe wall. The net force on the wall at a given position was
then used to determine a relative free energy for motion of
the probe wall by integration (potential of mean force).

A map of our system onto an experimental system is as
follows: If we map Ag=0.833¢ onto the Bjerrum length of
NaPSS in water, or alternatively physiological conditions we
have A\g=7.14A, so that o=8.57 A. Since our average
bond length is 0.98c this implies that a charge fraction f
=0.3. Alternatively, for an unstructured polypeptide with av-
erage residue size 3.6 A our 32 monomers would correspond
to approximately 75 residues of which approximately a frac-
tion 0.4 bear a net charge.

The systems simulated are summarized in Table L.

IV. RESULTS AND DISCUSSION

We first present results for neutral chains and then for
polyampholyte (and polyelectrolyte) chains. Because the set
of polyampholyte simulations used a fixed chain of 32 beads,
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FIG. 2. A plot of the distribution of chain segments of a neutral chain of
length N=32 as a function of the distance from the bottom surface z for
both an unconfined system (probe surface absent) and strong compression
(surface separation D=3.21). The chain preferentially occupies space in the
proximity of the tether surface in the unconfined case, but is sharply peaked
and exhibits a symmetric segment distribution in the case of strong confine-
ment.

we will first present the results for a neutral chain of 32
beads. This is followed by an analysis, in the neutral chain
case, for the effects of chain length.

A. Neutral chains

In the absence of a confining surface the conformation of
our individual end-grafted chains is determined entirely by
the monomer—solvent, the solvent—solvent interactions and
the interactions of monomers of the chain with the attach-
ment surface. Polymer theory predicts this to take the form
of a “mushroom” occupying a pear shaped half sphere of
radius R'va]v\l3/5,29 with a distribution of R due to thermal
fluctuations. For sufficiently long chains a maximal occu-
pancy of monomers should occur several monomers from the
vicinity of the surface and spread more in the x-y plane than
the z dimension. In Fig. 2 we plot the monomer distribution
in the direction normal to the surface for a chain of N=32
monomers. The distribution exhibits a gradual increase in
occupancy peaking at ~5¢ from the surface for the N=32
chain and spreading significantly to a distance ~150 with
greatest occupancy closer to the tether surface. The strongest
compression D=3.21 is also shown to illustrate how the
configurational space of the confined chains is sharply re-
duced. The average end-to-end distance R distribution (not
plotted) peaks at an average value 9.89 and has rms (=R,)
of 3.68. The ratio r=R2/R§ is just over 7 in both cases. For
a neutral chain in a good solvent and in the absence of other
constraints theory predicts r=6.3. The chains are thus per-
turbed by the presence of the wall and the grafting constraint,
exhibiting on average larger dimensions than unconstrained
chains consistent with the predicted asymmetric shape of the
chain. The average dimensions of the unconfined N=16, N
=64, and N=128 chains were measured to be R=6.20, R,
=233 (N=16), R=14.48 and R,=5.57 (N=64) R
=23.74, R,=8.70 (N=128).
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FIG. 3. The average force exerted by the tethered chains on the probe
surface as a function of surface—surface separation D. Chain lengths of N
=16, 32, 64, and 128 are depicted.

These values and figures are important for determining
the onset and extent of confinement of the polymer chains in
the presence of a second parallel probe surface. When the
separation distance is D=R the chain interacts with the
probe surface through relatively infrequent thermal fluctua-
tions. Since the conformational space of the chain is not
greatly reduced, the potential of mean force between the
polymer and the surface is negligible, and the average di-
mensions of the chain are not significantly perturbed. Note
that given that the chains are more spread in the direction
parallel to the tethering plane, this range of weakly confined
separations is likely to be larger than this estimate. For D
<R however the conformational space begins to be progres-
sively reduced. Figure 2 illustrates this effect in the monomer
distribution profile perpendicular to the surface. The confined
polymer exerts a repulsive entropic force on the confining
surface or object. Full force-distance curves that extend from
unconfined to D=3.21 for chains of N=16, 32, 64, and 128
are presented in Fig. 3. In this case the force is a function of
surface—surface separation D. We find good agreement with
the predicted power law of —8/3 at close separations for all
four chain lengths with a crossover to —3 at greater separa-
tions for the longest chains and a more rapid falloff for
shorter chains. We are far from the limit of asymptopic
chains and the > — 8/3 power law is likely to be an effect of
the finite length of our polymers. The rapid fall off for the
shorter chains is similarly due to separations D>R. A com-
parison of the average end-to-end distance spread of the N
=32 chain for the unconfined system and for the smallest
separation D=3.21 indicates the progressive shift of R with
increasingly smaller separation. At D=3.21 it is peaked at
12.32 and skewed to higher values. The average center of
mass of the chain in the z direction is measured to be ~ 1.5,
i.e., approximately midway between the surfaces and the
segment distribution more sharply peaked and symmetric
around this value than for the unconfined chain. The chain
is thus squashed into a pancake geometry constrained by
the tethered monomer to a finite range of x-y exploration
and constrained by the surfaces to a narrow slit in the z
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FIG. 4. The average force exerted by chains of length between N=16 and
256 on a probe surface at four different separations. The curves are plotted
on a log scale to make the power law more visible.

dimension. Similar behavior was exhibited by the other
chains.

To test our understanding of the chain length dependence
of both the potential of mean force upon compression and
the variation in the average dimensions of the chains, we
analyzed data for chains of length N=16 to N=256 confined
at 4 different separation lengths D=3.21, 5.39, 7.57, and
9.75. The force exerted by the chains on the top surface is
plotted as a function of the chain length in Fig. 4. The figure
indicates linear behavior over all separations with minor de-
viations for the larger separations and very short chains. The
results are thus in good agreement with both theory and
simulation. As the chains are more strongly confined the
chain dimensions are predicted to cross over to
2-dimensional behavior. In Fig. 5, we show how this is re-
flected in the average end-to-end distance of the chains. At
the smallest separation the chains are pancakes with size in-
creasing with a power law ~3/4 in agreement with the scal-
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FIG. 5. The average end-to-end distance of chains of length N=16 to 256 at
compression D=3.21 (open points) and in the absence of a confining sur-
face (solid points). In the strongly confined case the chains are effectively
two dimensional and the radius increases as for two-dimensional chains. A
crossover to three-dimensional behavior occurs at larger separations.
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FIG. 6. The end-to-end distance spread as a function of charge block size
for N=32 in the polyampholyte sequence for chains of overall net neutral-
ity. The top surface is absent in this system and the curves thus depict the
unconfined dimensions of the chains. The curves peak sharply at small val-
ues for large charge blocks and approach the results of the equivalent neutral
system for small repeating units.

ing of the average dimensions of a two-dimensional self-
avoiding walk bN*, As the separation distance increases the
exponent becomes progressively weaker, indicative of the
gradual crossover to 3-dimensional scaling.

B. Polyampholyte chains

In order to determine the effects of charge distribution
and charge imbalance on the end-attached polyampholyte
chains, we first studied the chain properties (N=232) in the
absence of the confining surface. In Fig. 6 we plot the aver-
age end-to-end distance spread of the net neutral chains with
varying block size (listed in Table I). The sequences possess-
ing the smallest repeat unit (1-1, 2—-2) are negligibly per-
turbed from their neutral behavior, peaking at roughly the
same value and demonstrating a similar spread. This is to be
expected given that we are in a regime in which thermal
effects dominate the electrostatic interactions along the chain
at distances of the order of the charge separation. As the size
of the charged blocks is increased, however, both the
polyampholyte effect (promoting collapse) and the polyelec-
trolyte effect (promoting portions of chain stretching) are
enhanced. Figure 6 depicts the resulting effects on the behav-
jor of the chain. As the block size is increased the average
end-to-end distance of the chain is shifted to smaller values
and the distribution becomes less broad. This is indicative of
the substantially reduced configurational space of the chain
i.e., it adopts configurations maximizing block-block inter-
actions, while being frustrated from complete collapse by
thermal agitation. The behavior is further illustrated by the
asymmetry parameter r, which is substantially reduced for
the largest block sizes (=3.23 for the 16— 16 sequence).

The effect of a charge imbalance on a random sequence
under similar conditions is presented in Fig. 7. A small ex-
cess charge of +4 produces little deviation from neutral be-
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FIG. 7. The end-to-end distance spread as a function of net charge on
polyampholytes with random charge sequences. Similar to Fig. 6(a), the
chains are unconfined in this system. As the net charge on the chains is
increased the curves are progressively shifted to larger values indicative of
chain expansion.

havior. As the excess charge is increased, however, the aver-
age end-to-end distance is shifted to larger values and the
distribution narrows. This is due to the increased tendency of
segments to repel each other as a result of mainly repulsive
electrostatic interactions. In the limit of a polyelectrolyte the
chain is highly stretched with asymmetry parameter r
=9.28. These results are in qualitative agreement with the
prediction of stretching from theory for chains with a charge
imbalance (~gvfN'"?).

In contrast to the neutral chains, confinement alters the
behavior of the polyampholyte systems in several ways.
First, in the same manner as in the neutral system, separa-
tions D=<R reduces the conformational space of the chain
with a resultant loss in entropy and a potential of mean force
between chain and surface. However in the polyampholyte
systems, confinement may additionally enhance the polyam-
pholyte (or alternatively polyelectrolyte effect) by increasing
the electrostatic interactions. In our systems a decrease in the
separation distance also leads to an increase in the effective
density of ionic species. Screening effects will thus be en-
hanced, particularly in the polyelectrolyte (and
polyelectolyte-like) chains.

We first study the influence of confinement on the end-
to-end distance of different net neutral sequences and for
different net charge. Figure 8 plots the average value of R, at
3 different separations as a function of sequence block size
for the net neutral polyampholyte chains. A plot of the end-
to-end distance produced similar results. R, may in this case
be a better gauge of the average dimensions of the chains
since each PA has the first and last segments with charges of
opposite sign. Over all separations the 11 and 2-2 repeat-
ing chains exhibit behavior very close to that of their neutral
counterparts. The reduction in chain dimensions with sepa-
ration distance is most pronounced for the smaller repeats
(1-1, 2-2, 4-4) than for the 8—8 and 16— 16 chains. This
is in agreement with our earlier finding that even with the
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FIG. 8. The average radius of gyration of net neutral polyampholytes at
different surface separations vs the block size of repeating charge units. As
the block size is increased departures from the behavior of the neutral sys-
tem become more apparent indicative of the tendency of collapse of the
chains.

absence of a confining surface the polyampholyte effect is
sufficient to cause the polyampholyte to adopt collapsed di-
mensions.

Further evidence for a behavior change for polyam-
pholytes with different charge sequence distributions is
shown by Fig. 9. In this figure the end-to-end distance spread
is plotted for the strongest compression D =3.21 This can be
compared with Fig. 6 (unconfined). While the average value
of R and its spread are similar for the 8—8 and 16-16
chains, a substantial shift occurs for the smaller repeats to
larger values and wider spread in a similar manner as for the
neutral system. Similar results were found for polyam-
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FIG. 9. The end-to-end distance spread as a function of block size for the
strongest compression D =3.21. The results are similar to those of uncon-
fined chains for the chains with largest repeating units while for the chains
with smaller repeats the curves are shifted to higher values in the same
manner as for the identical neutral system. Note that only a block size of 8
is necessary for significant pairing and collapse.
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FIG. 10. Snapshots typical of polyampholyte configurations at the strongest
compression distance D=3.21 for different charge sequences. (a) Corre-
sponds to a 22 repeating chain, while (b), (c), (d) correspond to 4-4, 8-8,
16-16 repeats and (e) and (f) to chains with a net charge of +8 and +32
(polyelectrolyte). Different segment charge types are depicted with different
shades.

pholytes with charge imbalance although the shift in this
case was less pronounced.

These results are in qualitative agreement with the
Monte Carlo (MC) simulations of Ref. 25 in which the av-
erage dimensions of polyampholytes with varying degrees of
blockiness (measured in terms of the intrachain energies)
were found fo be sequence dependent. It is also consistent
with theoretical studies on the effects of correlations in
polyampholytes sequences,15 in which it has been shown that
sequence correlations become important when the correla-
tion is sufficiently large to produce polyelectolyte behavior
within the chain. This may be important in some unstruc-
tured protein sequences in which the charge sequence is pre-
determined and may exhibit such low complexity.!

The potential of mean force differs very little from that
of the neutral chain at the two smaller separation distances
but shows a marked drop for the larger block repeat se-
quences at weaker separation, indicative of the decreased
tendency of the chain to thermally explore conformations
resulting in an interaction with the surface. This suggests that
while the smallest block chains may map well onto the neu-
tral force curve, substantial deviations are to be expected at
moderate to weak separations for chains with polyelectrolyte
portions. A further confirmation of this finding was seen in
the distributions n(z) for the different sequences which
peaked at larger values for the smaller repeat chains.

Figure 10 depicts typical snapshots of different repeat

Downloaded 24 Aug 2001 to 162.129.33.132. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcper.jsp




J. Chem, Phys., Vol. 115, No. 10, 8 September 2001

0.10 ——
A
[ W —e—1-1 PA
. — -4-4 PA
[l -0 -16-16 PA

0.08

0.06

n(R)

0.04

0.02 |

0.00

Distance (R)

FIG. 11. Radial distribution function of segments of opposite charge in
repeating polyampholyte chains at a surface separation of D=3.21, i.e.,
strong compression. Large repeat block chains exhibit the sharpest distribu-
tions while the smaller repeats produce typically broader distributions. An
interesting double peak is found for the 4—4 repeating chain.

chains and different chains with net charge at a surface sepa-
ration of D=3.21. The smallest repeat unit chains behaved
in a manner very similar to uncharged chains, consistent with
our chain property results and a thermally dominated system.
For the larger repeating unit chains, however, typical con-
figurations located oppositely charged portions of the chain
in proximity and involved stretched portions of chain involv-
ing the same charge type. The 4—4 repeat chain was most
frustrated in its attempts to balance thermal and
polyelectolyte/polyampholyte effects and exhibited more di-
verse configurations than the larger repeat chains. A net
charge of +4 resulted in behavior not dissimilar from a neu-
tral chain, while a larger excess charge resulted in predomi-
nantly stretched configurations.

We studied the typical configuration space of the differ-
ent repeating chains more explicitly by calculating the radial
distribution function of oppositely charged segments of the
chains. Bonded segments were excluded from the calcula-
tion. Figure 11 plots the distributions of three of the repeat-
ing chains at the surface separation D=3.21 corresponding
to the snapshots in Fig. 10. The 2-2 and 8-8 repeating
chains (not shown) exhibited behavior very close to the 1-1
and 16—16, respectively. All sequences peak at a small dis-
tance at about 2—30, however the distribution broadens for
the smaller repeat chains. The 4—4 sequence exhibits two
maxima, one at ~2.5¢ and the other at about 6a. The sec-
ondary peak is absent for the weakly confined case D
=8.12 shown in Fig. 12, in which its available configura-
tional space is increased and may be a result of two energeti-
cally favorable configurations for the chain under strong con-
finement.

V. CONCLUSIONS

We have performed MD simulations of neutral, charged
and polyampholyte polymers within a confined geometry.
Our neutral polymer simulations provide a good test of poly-

The function of unstructured proteins 4917

0.14 e —_—
[ [m}
0.12 - a —a—4-4 PA ]
- - 16-1F§APA
o0l 7 B 1
0.08 ]
~~ B
=4
N’
£ 0.06 ]
0.04 | ]
0.02 | ]
[ N
0.00 iy
10 15

Distance (R)

FIG. 12. The radial distribution function of segments of opposite charge in
repeating polyampholyte chains at a surface separation D=8.12, ie.,
weakly confined. The double peak in Fig. 11 for the 44 repeating chain is
absent.

mer predictions for finite length chains. Our polyampholyte
simulations suggest a previously unexplored dependence of
the properties of a tethered, confined polyampholyte on the
charge sequence of the chain.

To summarize, the simulations varied the length of the
polymers, the charge distribution along the polymer chain,
and the distance between a tethered wall and a probe wall.
For neutral chains of varying length we obtained force
curves in good agreement with theoretical predictions for
compressed neutral polymer chains, with some deviations for
the smallest chain lengths simulated. The chain properties
such as the average end-to-end distance and radius of gyra-
tion and segment distribution functions were also in good
agreement with theory and MC simulation. Our study is one
of the few MD simulations of compressed end-attached neu-
tral chains. The agreement with similar MC studies is thus
encouraging.

For chains bearing charged groups we found an interest-
ing dependence of chain properties on the charge sequence
of the chain. For polyampholytes bearing an excess charge
our results are in agreement with predictions for similar
chains in bulk: for an excess charge above a critical value,
the chains expand beyond their neutral dimensions and in the
limit of a polyelectrolyte result in an almost fully extended
chain. For polyampholytes with equal numbers of positive
and negative charged segments (net neutral) our results indi-
cate that while thermal dominance was sufficient to maintain
near neutral dimensions and chain properties for small re-
peating block chains, the enhancement of both the polyelec-
trolyte (promoting chain expansion) and polyampholyte
(promoting chain collapse) effects was sufficient to promote
local stretching and overall collapsed configurations of the
chains. The extent to which the chain was frustrated in bal-
ancing the different constraints and interactions was se-
quence dependent, being determined by the size of the re-
peating blocks. Further studies employing longer chain
lengths and further systematic sequence variation would be
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interesting to pursue this point. Given that exclusion proper-
ties of unstructured polypeptide domains® may be closely
related to their biological function, and the possibility of ex-
ploring such a mechanism via experimental techniques such
as atomic force microscopy, an understanding of the proper-
ties of polyampholyte systems such as we have studied here
is highly desirable. Here we have taken the first steps toward
this end.
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Atomic force microscopy has emerged as a powerful
tool for characterizing single biological macromol-
ecules, macromolecular assemblies, and whole cells in
aqueous buffer, in real time, and at molecular-scale
spatial and force resolution. Many of the central ele-
ments of intracellular transport are tens to hundreds of
nanometers in size and highly dynamic. Thus, atomic
force microscopy provides a valuable means of ad-
dressing questions of structure and mechanism in in-
tracellular transport. We begin this review of recent ef-
forts to apply atomic force microscopy to problems in
intracellular transport by discussing the technical prin-
ciples behind atomic force microscopy. We then turn
to three specific areas in which atomic force micro-
scopy has been applied to problems with direct impli-
cations for intracellular trafficking: cytoskeletal struc-
ture and dynamics, vesicular transport, and receptor-
ligand interactions. In each case, we discuss studies
which use both intact cellular elements and reconsti-
tuted models. While many technical challenges re-
main, these studies point to several areas where
atomic force microscopy can be used to provide valu-
able insight into intracellular transport at exquisite
spatial and energetic resolution.

Key words: atomic force microscopy, AFM, cell mech-
anics, cytoskeleton, force measurements, imaging,
membrane fusion, receptors, vesicles
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As cell biology advances into the postgenomic era, increas-
ing attention will be paid to the physical and chemical details
of the macromolecular interactions that determine cell physi-
ology. Gaining insight into these interactions will require thor-
ough study of both the structure of macromolecular complex-
es and the forces that govern their assembly. This need is
particularly acute in the area of intraceliular trafficking, where
macromolecular assemblies such as receptor-ligand com-
plexes, cytoskeletal fibers, and lipid vesicles play a central
role, but where our knowledge of molecular biology far out-
strips our understanding of the underlying physical chemistry.
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Clearly, these questions require tools which allow one to
probe the structure and physical chemistry of a cell under
conditions which are both biologically relevant and easily ma-
nipulated. Atomic force microscopy (AFM) is emerging as
one such technique. AFM enables imaging and mechanical
interrogation of single molecules and macromolecular com-
plexes under near-physiological conditions. Less than two
decades after its invention, AFM has begun to contribute to
the characterization of systems of biological macromolecules,
ranging from single molecules to intact cells.

Here, we review the use of AFM in the study of intraceliular
trafficking. We begin by briefly discussing the technical as-
pects of the method, including the components of the instru-
ment, common modes of operation, and how it comple-
ments traditional forms of microscopy. We then focus on
three central problems in intracellular transport in which there
has been particularly intense effort to apply AFM: cytoskeletal
structure and dynamics, vesicular transport, and receptor-
ligand interactions. While we clearly do not present an
exhaustive review of the application of AFM to problems in
cell biology. these selected examples should help illustrate
some of the insights AFM can provide into the molecular and
submolecular details of the machinery of intracellular traf-
ficking.

Principles and Modes of Operation

Instrumentation

The central measurement in atomic force microscopy is the
interaction force between a sample surface and a probe (tip)
affixed to a weak spring cantilever (Figure 1). These canti-
levers are typically microfabricated from silicon or silicon ni-
tride and measure between several microns and hundreds of
microns in length. The size of the tip apex, which may range
from a few nanometers (carbon nanotube tips) to tens of
microns (colloidal particles), places fundamental limits on the
imaging resolution and plays a dominant role in determining
the tip—sample interaction force. The sample is mounted on
a piezoelectric ceramic scanner that enables sample move-
ment in the lateral (x,y) and vertical {z) directions. In some
instruments, the cantilever is completely stationary during an
AFM experiment; all movement is made by the sample via
control of the scanner (Figure 2A). AFM has also been com-
bined with optical microscopy into a single instrument; here,
in order to provide an optical path, the cantilever is mounted




Figure 1: AFM cantilever and tips. (A) Standard pyramidal sili-
con nitride cantilever (bar is 10pm), with high-magnification image
of tip (inset, bar is 1um) (Image courtesy of Eric Henderson). (B)
Colloidal particle glued to AFM tip {bar is 5 um). These tips are wide-
ly used for force measurements. (C) Electron-beam deposited
(EBD) tip (11) at low magnification (inset, bar is 300nm) and high
magnification {bar is 30nm) (reprinted with permission, © 2000,
American Chemical Society). (D) Carbon nanotube-modified tips of
diameter 0.9nm (main panel} and 2.8nm (inset) (bar is 10nm for
both) {12) (reprinted with permission, © 2001, American Chemical
Society).

on and translated by a piezoelectric scanner while the sample
remains stationary {Figure 2B).

Imaging

There are two canonical classes of AFM experiments: im-
aging and force spectroscopy. The two most commonly used
modalities for imaging are contact mode and tapping mode.
In contact mode (Figure 3A), the tip is brought into a light
but stable contact with the sample, which is then raster-
scanned in the x-y plane relative to the cantilever. In this
regime, contrast originates from van der Waals repulsion,
which dominates the tip—sample interaction force. Topo-
graphic variations along the surface lead to deflections of the
cantilever; these deflections are monitored by a laser beam
which reflects off the back of the cantilever onto a position
sensor. Since the cantilever behaves as a linear spring, the
deflection is proportional to the interaction force, where the
constant of proportionality is the spring constant. Typical
spring constants for contact mode AFM cantilevers fall in the
range 0.01-1N/m, allowing the measurement of forces on
the order of piconewtons {10712 N). By feeding the signals
from this photodiode back to the piezo scanner, the sample’s
vertical position may be adjusted during the scan so as to
maintain a constant deflection (imaging force). Thus, the
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trace of the piezo’s motion is a topographic map of the sur-
face.

In tapping mode (Figure 3B), the cantilever is actively vibrated
ataround its resonance frequency {typically several kHz to hun-
dreds of kHz) using a piezoelectric actuator. The tip—sample
separation distance is set such that the cantilever lightly taps
the surface at the lowest point of its oscillation. Here, instead
of static deflections, interactions with the sample lead to
changes in the amplitude of oscillation of the cantilever. As
with contact mode, these changes are measured by a re-
flected laser beam and fed back to the piezoelectric scanner,
which adjusts in z to maintain a constant amplitude. Again, the
scanner trace yields the topography of the surface. Because
the tip does not maintain constant contact with the surface,
tapping mode has also been called ‘intermittent contact
mode.’ There are at least two other important imaging modes
in which the cantilever is oscillated. In noncontact (attractive)
mode, the tip is vibrated at lower amplitude and senses top-
ography primarily through the influence of noncontact forces
that predominate above the sample (1). In magnetic alternating
current imaging, the cantilever is magnetically coated and its
vibration is driven by an applied, oscillating magnetic field in-
stead of a piezoelectric device (2). '

Perhaps the greatest advantage of tapping mode over con-
tact mode is that it minimizes potentially destructive shear
and adhesive forces on the sample, a particularly valuable
property when imaging cells or biological macromolecules.
One disadvantage is that conventional cantilevers tend to
have low or poorly defined resonances in aqueous solution,
making high-resolution tapping mode imaging a technical
challenge. While in principle tapping mode tends to minimize
tip—sample interaction forces, in practice, contact mode often
provides higher resolution for a given application.

Several other sources of imaging contrast besides topogra-
phy have been exploited. As a particularly simple example,
the error signal (deflection or amplitude) is often useful, par-
ticularly in samples in which edges and other topographic
gradients are of interest. In tapping mode, the difference in
phase of oscillation between the motor driving the cantilever
and the cantilever itself may be used as a basis for contrast.
These phase differences have been interpreted in terms of
energy dissipation by the cantilever and correlated with the
viscoelastic properties of the sample (3) and electrostatic in-
teractions between tip and sample (4). In lateral or friction
force microscopy (LFM), the torsion of the cantilever is moni-
tored as it scans across the surface, revealing regions of fric-
tional contrast. While we do not review them extensively
here, these nontraditional imaging modes are expected to
play an increasingly important role in the characterization of
biological surfaces by AFM.

Force spectroscopy

In force spectroscopy. the sample is cycled vertically {in z)
with respect to the tip while the lateral {x,y) position is fixed.
The cantilever deflection is then measured as a function of
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Figure2: AFM instrumentation. (A) Schematic of stationary-probe AFM. The sample is mounted on a piezoelectric scanner which enables
sample manipulationin x, y, and z. The z-position of the cantilever is monitored by a laser beam which reflects onto a position sensor. This position
signal is continuously fed back to the scanner, which adjusts to maintain a constant cantilever static deflection {contact mode) or amplitude
{tapping mode). The scanner trace thus yields the topography signal. (B) Schematic of a combined AFM/optical microscope. A number of modi-
fications are needed to permit optical access. First, the sample is held stationary and the cantilever is scanned. Second, the sample and substrate
must be translucent. Finally, the presence of the scanner in the optical path means that the light source must often be placed out of line with the
sample and objective, although this may be overcome by placing a mirrored surface on the scanner (not shown).

piezo scanner {sample) z-position (Figure 4). The data de-
scribing deflection vs. sample position, or force curve, may
be readily converted to a curve of force vs. tip-sample separ-
ation distance which reveals the dominant physical forces be-
tween the tip and sample. The portion of the curve in which
the probe approaches the sample reveals information about
long- and medium-ranged forces such as electrostatic and
steric exclusion forces. The portion in which the tip and
sample deform one another reflects sample elasticity, and
the portion of the curve in which the sample retracts from
the tip illustrates tip—sample adhesion and unbinding forces
(5). Perhaps most effort in force spectroscopy in biological
systems has been directed towards characterizing receptor—
ligand interactions, including measurements of binding speci-
ficity and strength. Since specific receptor-ligand interac-
tions lie at the heart of virtually all intracellular trafficking and
signal transduction pathways, we pay special attention to
these studies in this review.

Two emerging areas of force spectroscopy are force mapping
and single-molecule stretching. In force mapping, force
curves are obtained in an array covering many points on a
surface. Each curve is then analyzed to reveal some property
of interest, leading to a two-dimensional ‘map’ of that prop-
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erty (5). In single-molecule stretching experiments, an indi-
vidual macromolecule is tethered between the tip and sur-
face. As the tip is pulled away from the surface, the macro-
molecule is stretched and, if it is a protein, unfolded. Each
unfolding event produces a characteristic sawtooth-like fea-
ture in the force curve, corresponding to unfolding of different
domains of the protein. Since the mechanical unfolding of
titin was reported in 1997 (6), this method has been applied
to many natural and synthetic proteins and extended to poly-
saccharides (7) and nucleic acids {8). We refer the reader to
an excellent review of these experiments (9).

Comparison to other microscopies

The most striking differences between AFM and more tra-
ditional types of microscopy lie in three areas: origin and de-
gree of contrast, resolution, and sample preparation. In light
and electron microscopy (EM), contrast is based on the abil-
ity of a sample to scatter radiation (i.e. a beam of light or
electrons). Contrast in AFM originates from forces experi-
enced by the probe as it is scanned across the surface, and
may consist of several components (e.g. electrostatics, van
der Waals). The degree of contrast is also significantly higher
in AFM. While EM has atomic resolution and therefore pos-
sesses sufficient power to resolve single biological macro-
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Figure 3: Standard AFM imaging modes. (A) Contact mode im-
aging. The cantilever is scanned over a sample, and static deflec-
tions produce a height signal. (B) Tapping mode imaging. The canti-
lever is actively vibrated as it scans the sample, and changes in
topography produce changes in the amplitude of oscillation.

Cantilever
A Deflection

Sample
Position

Figure4: Force curves. 1) At large separation distances, the canti-
lever and sample do not interact and there is zero deflection. 2} As

" the sample approaches the tip, the tip deflects; a soft sample (such
as a living cell) will fikely deform. 3) Further approach leads to
greater cantilever deflection and sample deformation. 4) As the tip
retracts, the sample adheres to the tip, causing the cantilever to
under-deflect. This adhesion results from a complex combination
of nonspecific (e.g. electrostatics, van der Waals interactions) and
specific {receptor-ligand interactions) forces. When the tip and
sample separate, the cycle is completed. Note this schematic illus-
tration of a force curve is rather simplistic. For highly complex
samples and tip chemistries, one observes a rich variety of fine
structure which results from several superimposed types of tip-
sample interaction forces. The approach and retract curves in the
noncontact region (1) are slightly separated for clarity.
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molecules, contrast is in general poor without the addition of
enhancing agents. By comparison, it is routine to image
single, unstained protein and nucleic acid molecules by AFM
with excellent contrast. Next, because of diffraction effects,
the lateral resolution of traditional far-field light microscopy is
fundamentally limited to approximately half the wavelength
of the imaging radiation. In AFM, images are not produced
by diffraction; instead, lateral {x-y) resolution limits are set
by the probe size, cantilever z-sensitivity, and sample prop-
erties and typically fall within 0.2-50nm. Vertical (z} resol-
ution limits are instrumental in origin and typically lie around
0.01 nm. Methods have been developed to sharpen tips be-
yond the abilities of microfabrication. Electron beam depo-
sition may be used to construct tips with end-radii of 5-
10nm (Figure 1C) (10,11). This limit may be pushed even
further by affixing a carbon nanotube to the tip (Figure 1D)
(12,13). A final distinguishing feature relates to sample prep-
aration. For biological samples, EM typically requires fixation
and staining or cryogenic preparation and imaging under vac-
uum. Conversely, AFM typically requires no staining, and
sample preparation is often accomplished simply by phys-
ically adsorbing the sample onto a substrate. AFM therefore
combines resolution that approaches EM with sample prep-
aration features that more closely resemble fight microscopy.
with contrast better than both. With a sample chamber that
is accessible for buffer exchange over the course of an ex-
periment, these powerful properties allow one to conduct
studies in which soluble factors {ions, ATP, regulatory pro-
teins, pharmacological agents) are introduced to the sample
and dynamics are monitored in real time.

AFM carries clear limitations relative to traditional micro-
scopies, as well. First, unlike light microscopy, AFM is a sur-
face characterization technique that cannot directly visualize
the interior of a cell. Second, even at its fastest, AFM image
acquisition is markedly slower than light microscopy. Third,
the scanning process can be invasive, and the imaging forces
may damage the sample. Finally, the sample must be im-
mobilized onto a surface, and this may either damage the
sample or significantly alter its properties. For these and other
reasons, instruments that combine AFM with a second im-
aging modality have become increasingly widely used. Per-
haps the best example of this is combined AFM and light
microscopy. Using hybrid instruments, this approach has
been taken to concurrently visualize intracellular structures
with AFM and fluorescence microscopy (14). Some of these
studies are discussed in more detail later in the review.

Cytoskeletal Structure and Dynamics

Understanding the structure and function of cytoskeletal
polymers is of direct relevance to intracellular transport. First,
transport vesicles utilize the cytoskeleton for directional trans-
port, often through kinesin and other motor proteins (15).
Second, the cytoskeleton is critical to the maintenance of celt
polarity, which in turn supports directional transport of solutes
(16). Third, the cytoskeleton is absolutely critical to cell mo-
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tility and cytokinesis (17). Given that the substructural features
of these cytoskeletal elements are typically on the order of
nanometers, and given the interest in correlating cytoskeletal
architecture in cells with external mechanical stimuli, the
AFM is well suited to address structural and mechanical
questions about the cytoskeleton. We first consider studies
with isolated cytoskeletal filaments before moving on to
studies performed in the context of whole cells.

Purified cytoskeletal filaments

The three major classes of cytoskeletal polymers, actin,
microtubules, and intermediate filaments, have all been suc-
cessfully imaged in vitro by AFM. Of these three, microtu-
bules (MTs) have received the most attention in the published
literature (Figure BA). Despite the presence of several estab-

€

lished purification protocols, high-resolution imaging of MTs
has posed a formidable challenge. Much of this challenge
results from difficulty finding substrates and imaging con-
ditions under which the MTs are immobilized but do not sig-
nificantly deform or rupture, forcing investigators to take cre-
ative approaches to substrate and sample preparation. By
crosslinking MTs with glutaraldehyde and using glass sub-
strates coated with polylysine, Vater and coworkers were
among the first to successfully image MTs in air and solution
(18). Later, Vinckier and colleagues induced and arrested MT
polymerization at different times and presented AFM images
of the resulting structures. These images showed progressive
polymerization and growth over 20-30min; the authors also
used force spectroscopy to estimate the elastic moduli of
individual microtubules (19). Importantly, both papers recog-

.

Figure5: AFM and the cytoskeleton. (A) Microtubules. This image shows microtubules adsorbed to a lipid bilayer in buffer (bar is 2 pm)

(20} {reprinted with permission, © 2000 Springer-Verlag, Figure 2A from cited reference). (B) Actin filaments. This image was acquired by
cryo-AFM (25). Single filaments associate longitudinally to form rafts which are in turn connected by branching structures (bar is 400nm).
Higher magnification imaging shows the packing of single filaments within rafts {inset, bar is 50nm) {reproduced with permission, © 2000,
Biophysical Society). (C) Intermediate filaments. This image of native neurofilaments (NFs) under buffer shows zones around the filament
backbone from which contaminant particles are excluded {bar is 500nm) (26} (reprinted with permission, © 1997, American Chemical
Society). (D) Cytoskeletal imaging in situ. In the deflection image of an untreated glial cell (top). a prominent network of filamentous
structures is observed in the cytoplasm. When the cell is treated with cytochalasin B, an inhibitor of actin polymerization, this network
disappears (bottom) and the cell membrane is rendered labile to repeated scanning {bar is 25um) (29) (reproduced with permission, ©
1992, American Association for the Advancement of Science).
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nized that AFM overestimates microtubule diameters by as
much as a factor of four when compared to EM {i.e. 110nm
vs. 26-30nm). This discrepancy results from the finite size
of the tip, which causes apparent broadening of structures
that are small relative to the tip. More recent efforts have
focused on identifying MT substructures such as protofila-
ments and attempting to capture MT interactions with acces-
sory motor proteins (20).

Efforts to study actin filaments in vitro by AFM have faced
similar technical challenges. Several groups have attempted
to use AFM to image actin filaments in ambient and aqueous
conditions (21-24), although resolution of filament substruc-
ture has been limited. Using a custom-built AFM which oper-
ates at cryogenic temperatures, Shao and coworkers mark-
edly improved the resolution of individual filaments (Figure
5B) (25). They obtained images of ribbon- and raft-like struc-
tures containing several single actin filaments each. The im-
ages also clearly show the right-handed helicity of the fila-
ments and a well-defined intrahelical repeat of 35-40nm,
both in excellent agreement with EM. One finding not pre-
viously seen by EM was ‘branching’ junctions in which single
filaments formed bridges between two actin rafts. These
bridges may help account for the high viscoelasticity of pure,
dilute actin gels. Later, Shao et al. presented images of actin
paracrystals adsorbed to cationic lipid bilayers (23). This
study provided further insight into the packing of actin fila-
ments within rafts, and provides a foundation for AFM char-
acterization of complexes of actin and actin binding proteins.

Intermediate filaments (IF's) are the least well studied of the
three types of cytoskeletal fibers by AFM. Neurofilaments
(NFs) provide an example of the application of AFM imaging
and force spectroscopy to IF's (Figure 5C). NFs are the pri-
mary cytoskeletal components of large, myelinated neurons.
Through interfilament interactions mediated by their C-ter-
minal ‘sidearm’ domains, NFs form an ordered intracellular
framework which helps maintain neuronal polarity and pa-
tency. The structure of the sidearms and thus the origin of
interfilament interactions remains controversial. While im-
aging native NFs purified from bovine spinal cord, Brown and
Hoh observed 100-200-nm-wide zones surrounding the
backbone of each NF from which contaminants in the prep-
aration were excluded {26). Using direct force measure-
ments, they also found that the NFs generate a long-range
repulsive force that persists in the presence of high salt con-
centration. They interpreted these findings to mean that the
sidearm domains are unstructured polypeptides that gener-
ate long-range repulsion through thermally driven motion and
steric exclusion. This suggests that NFs function by acting as
aligned, mutually repulsive, cylindrical ‘springs” in the neuron,
a hypothesis supported by analysis and simulation of NF dis-
tributions from whole neurons (Kumar S, Yin X, Trapp BD,
Paulaitis ME, Hoh JH, unpublished data). This approach has
also recently been extended to microtubule-associated pro-
teins, which are believed to contribute to microtubule spacing
through a similar mechanism (27). AFM has also been used
to characterize the structural and mechanical properties of

Traffic 2001; 2: 746-756

Probing Intracellular Trafficking by AFM

keratin, lending insight into the microstructural origin of the
great tensile strength of hair (28).

Cytoskeletal filaments in situ and cell mechanics

The ability of AFM to image samples in aqueous environ-
ments and without fixation or staining has been exploited to
interrogate living cells and measure changes in cytoskeletal
structure and mechanics. The pioneering work of Henderson
and colleagues demonstrated that the actin cytoskeleton and
subcellular organelles may be imaged without apparent harm
to the cell (Figure 5D) (29). The first of these studies used
AFM to image a meshlike network in the cell, demonstrating
that this was the actin cytoskeleton by correlating it with flu-
orescence signals from rhodamine-phalloidin stained cells. A
later study focused specifically on glial cells, demonstrating
that the AFM tip could be used to mechanically manipulate
glia and even sever glial processes without killing the cells
(30). It also pushed the limits of resolution for subcellular
structures, presenting images of the nucleus and mitochon-
dria. Additional studies have examined cytoskeletal dynam-
ics. In one such study {31), the authors used time-lapse im-
aging to observe extension and withdrawal of lamellipodia,
changes in cell shape, and vesicle-like structures traveling
along cytoskeletal fibers. Perhaps most strikingly, the authors
observed ripple-like cytoskeletal rearrangements propagating
both radially outward from the nucleus and around the edge
of the cell.

In addition to its importance in trafficking, the cytoskeleton
also forms the structural framework which determines cell
shape and mechanical properties. Therefore, using AFM to
examine cell mechanics can provide insight into cytoskeletal
properties. There are many published attempts to use both
force curves and spatially resolved force mapping to extract
cellular elasticity (32). The recent work of Radmacher and
colleagues combines AFM imaging. fluorescence micro-
scopy, and elasticity mapping. Two reports focused on stress
fibers and the formation of lamellipodial extensions. The first
showed that relative to stably adhered regions of the cell, the
active edges of migrating fibroblasts showed greater height
fluctuations and higher elasticity with time (33). A more re-
cent study examined the effect of cytoskeletal drugs on cell
mechanics. Addition of actin-targeted drugs {cytochalasins B
and D and latrunculin A) softened the cell and caused disrup-
tion of stress fibers, whereas microtubule targeted drugs
(colchicine, colcemide, taxol) produced no morphological or
mechanical changes (34). These results illustrate that AFM
can be used both to manipulate cells nondestructively and to
record cytoskeletal dynamics in real time. Future studies
should continue to sharpen spatial and force resolution as
well as the biochemical specificity of perturbations and
measurements.

Vesicular Transport

The interaction of a transport vesicle with its target mem-
brane is thought to proceed through an orderly series of
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events that includes docking, membrane apposition, and ulti-
mately fusion. In many cases, fusion is triggered by discrete
events of short time scale such as intracellular calcium re-
lease {35). Thus, there is significant interest in learning about
vesicle structure at different stages of fusion as well as struc-
tural changes induced by soluble effectors. While much valu-
able insight into the molecular structure of these vesicles has
been gained from EM (36), mechanical properties and dy-
namics are not directly accessible. Here, AFM has yielded
new insight, complementing the contributions of established
technologies. We again divide AFM studies in this area into
two groups: studies with reconstituted systems, and studies
with intact biological vesicles.

Reconstituted vesicle systems

Much effort has been devoted to using AFM to study vesicles
reconstituted from phospholipids. The underlying paradigm
is that reconstituted lipid vesicles serve as well-understood
and readily manipulated models of cellular transport vesicles.
in one of the first AFM studies of lipid vesicles in buffer, phos-
phatidylcholine/cholesterol vesicles presenting human IgG
were adsorbed onto a gold surface coated with antihuman
IgG (37). Contact-mode AFM imaging revealed a heterogen-
eous surface coated with 80-120-nm-high protrusions inter-
preted to be individual vesicles. A key finding to emerge from
this work was that the lateral resolution of vesicles depends
strongly on tip-vesicle contact pressure and lateral shear
force, which in turn depends on imaging force and probe
dimensions. This complication presents a central technical
challenge to AFM imaging of vesicles. In a later study, bi-
otinylated vesicles were adsorbed to an avidin-coated mica
surface (38). This study further defined the relationship be-
tween imaging forces and observed vesicle morphology and
also showed that with increasing vesicle biotinylation, the
vesicles may be induced to spread, flatten, and ultimately
rupture.

Other studies have focused on characterizing both vesicle
substructure and interactions between vesicles. For example,
two recent reports presented images of adsorbed, flattened
vesicles containing central protrusions. In the first, these
structures were detected as transient intermediates in the for-
mation of planar supported bilayers {39). In the second, they
were found adsorbed to planar supported bilayers, sug-
gesting that such structures might form during the early
stages of vesicle-bilayer fusion (40). The latter study used
elasticity mapping to show that the adsorbed vesicles were
substantially softer than the underlying bilayer, and also
showed the characteristic flat contact interface formed by
coadsorbed vesicles, a structural feature previously appreci-
ated only by EM (Figure 6A). Finally, several studies have
addressed the mechanism of formation of supported lipid bi-
layers from the adsorption of small unilamellar vesicles (41-
43).

Intact biological vesicles
The properties of biological transport vesicles are less well

understood than those of reconstituted vesicles, and the
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literature of AFM studies of these systems is more limited.
Nonetheless, several important strides have been made to-
wards using AFM to characterize these vesicles. In one early
report, the authors performed contact mode imaging on
cholinergic synaptic vesicles isolated from 7orpedo califor-
nica in air and in buffer (44). In addition to providing valuable
proof of principle, this study also showed that one could in-
duce and measure height changes in the vesicles by chang-
ing the osmolarity of the solution. Another group performed
force spectroscopy and mapping on these vesicles {Figure
6B) (45). Here, the authors showed that the centers of the
vesicles were considerably stiffer than their peripheries, and
that this center stiffness increases with calcium concen-
tration. EM had already established the presence of ‘electron-
dense’ features at the center of these vesicles, and biochem-
ical studies had established that the centers are proteo-
glycan-rich. Based on this finding. the authors hypothesized
that the calcium binds and cross-links these proteoglycans,
producing a stiff, centrally located network.

In addition to simple changes in ionic strength and calcium
concentration, vesicular shape changes in response to
nucleoside triphosphates have also been studied {46). Here,
the authors used zymogen granules (ZGs), secretory vesicles
which fuse with the plasma membrane in a GTP-dependent
manner. When GTP was added /in situ to ZGs, the authors
observed a 15-25% increase in vesicle height. The authors
then hypothesized that the GTP triggers activation of ion
channels through heterotrimeric G-proteins.

Receptor-Ligand Interactions

Vesicle docking and fusion /n vivo require the presence of
specific receptor-ligand interactions. Indeed, protein traffick-
ing, antigen processing and presentation, and virtually all
other processes of intracellular transport depend on the rec-
ognition of ligands by their receptors. The AFM is capable of
measuring forces on the piconewton scale, a property that
has been exploited to examine receptor-ligand interactions.
Molecular recognition is also increasingly being explored as
a mechanism of imaging contrast. The vast majority of work
in this area has addressed interactions between purified and
reconstituted binding partners; an emerging body of literature
attempts to extend the application of AFM to measure and
characterize these interactions in the context of whole cells.

Pure component receptor-ligand systems

A wide range of receptor-ligand pairs have been studied by
AFM. The first studies focused on very high-affinity interac-
tions, particularly that between biotin and avidin (47-49).
Typically, streptavidin is anchored to the AFM tip, often by
pretreating the tip with biotinylated bovine serum albumin
(BSA-biotin). Correspondingly, the substrate is coated with
biotin, often as BSA-biotin or by adsorbing biotinylated agar-
ose beads. One then obtains and analyzes force curves.
Upon tip-sample approach, the tip and surface bind one an-
other through biotin-avidin recognition. When the tip is re-
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Figure 6: AFM of vesicles. (A) Reconstituted vesicles. This deflection image shows phospholipid-cholesterol vesicles adsorbed to a planar
bilayer {40). Where vesicles have coadsorbed. a flat contact interface is seen, characteristic of mutually deformed vesicles (bar is 250nm)
{reprinted with permission, © 2000, American Chemical Society). (B) Cholinergic synaptic vesicles (45). This elasticity map was acquired by
taking an array of force curves over the surface, analyzing each curve to obtain the local elastic modulus, and mapping the resulting values
{bar is 2560nm). In this map, lighter values correspond to areas of low elasticity (stiffness). Each circular region is a single vesicle; the dark
vesicular centers imply that the core is stiffer than the periphery (reproduced with permission, © 1997, Biophysical Society).

tracted, it detaches from the surface in a series of discrete
jumps, each corresponding to breakage of one or more bi-
otin-avidin contacts (Figure 7A}. Soluble binding inhibitors
are often used to demonstrate binding specificity; if the
measured adhesion is indeed due to receptor-ligand interac-
tions, addition of an inhibitor to the AFM sample chamber
should significantly reduce the binding frequency. The total
jump-off force is expected to consist of an integral multiple
of the single-pair rupture force. Therefore, by constructing a
histogram of rupture forces and determining its period, the
single-pair unbinding force may be obtained {50).

As understanding and interpretation of these experiments
has improved, attention has shifted away from these model
systems to a wide variety of binding partners. Antigen-anti-
body interactions have served as a particular point of interest.
By probing a human serum antigen (HSA)-covered surface
with an anti-HSA-functionalized tip, Hinterdorfer and co-
workers spatially mapped the location of single surface-
bound HSA molecules through adhesion measurements (61).
Ros and colleagues used a similar approach to study the ef-
fect of point mutations on the binding affinity of fluorescein
to the variable region of its cognate antibody (562). Other
examples of receptor-ligand pairs under study include ferri-
tin/antiferritin  (53), P-selectin/ligand (54) and cadherin/
cadherin (55) (Figure 7B). While AFM is clearly a useful tool
for detecting the presence of bonds and changes in binding
strength, the measured force and energy of bond breakage
depend strongly on the rate at which the bond is loaded, as
well as a host of other complicating factors (56). Thus, great
care must be taken in extracting thermodynamic parameters
of bonds from AFM measurements. Willemsen et al. provide
an extensive overview of AFM binding studies in which they
address such issues and describe many of the other recep-
tor-ligand systems under study (57).
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Whole-cell systems

A growing body of research seeks to translate in vitro AFM
measurements of receptor-ligand binding to systems of whole
cells. One of the first of these studies, conducted by Gad et al.,
sought to map the distribution of polysaccharides on the cell
walls of yeast (68). Here, the authors used gold-thiol chemistry
to functionalize AFM tips with concavalin A {conA), a lectin
which recognizes mannose residues on the yeast cell wall.
They then obtained force curves on yeast cells under buffer.
While they were unable to spatially resolve the distribution of
receptors, they did measure 100-500 pN adhesive forces over
cells that could be abolished by adding free mannose. Later
work with the conA system showed that chemical cross-
linking of the receptors produced marked increases in un-
binding forces to an extent that is consistent with cooperative
binding (59). Another effort from Lehenkari and Horton (60)
took this approach to map integrin distributions on osteoclasts
using AFM tips modified with various Arg-Gly-Asp (RGD)-
containing peptides. This study showed that RGD-integrin
binding depends on a highly specific manner on the peptide
context in which the RGD tripeptide is presented, confirming
long-standing results from solution assays. A long-term tech-
nological goal of receptor-ligand measurements on cells is to
develop nondestructive methods for cell identification and
sorting. An excellent example of such a study used AFM to
type red blood cells (61). The authors probed a mixed mono-
layer of type-A and O blood cells using a lectin which binds the
glycolipids on type-A erythrocytes. Using force mapping. the
authors successfully discriminated between the two cell types
based on forces of adhesion.

Conclusions and Future Directions

AFM has already demonstrated its utility as a way of acquir-
ing high-resolution images and force measurements of bio-
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Figure7: AFM measurements of receptor-ligand interactions. (A) Schematic of typical experiment. A receptor is covalently linked to
the AFM probe (shown here as a sphere), often via a flexible linker. Similarly, the cognate ligand is anchored to the substrate. On tip-sample
approach (top). several bonds are formed between the two surfaces. On retraction (bottom), each bond is broken in sequence, producing
a discrete sawtooth-like deflection of the cantilever. When only one bond is formed, a single sawtooth is observed: when multiple bonds
are formed, multiple events are observed, with the final sawtooth corresponding to rupture of the final bond (highlighted). This final deflection
provides information about single receptor-ligand interactions. (B) Experimental data for cadherin dimerization. Here, cadherin monomers
were adsorbed to the tip and substrate, and many force curves were obtained. The left pane! depicts instances in which only one bond
formed and ruptured, and the middle panel depicts cases in which multiple bonds formed and ruptured. The asterisks (*) correspond to
single pair interactions. The right pane! shows that these sawtooth features are attenuated in the presence of EGTA or an anticadherin
antibody, implying that these events are specifically due to cadherin-cadherin interactions (65) (Figure reproduced with permission, © 2000

National Academy of Sciences, USA).

jogical structures in a near-native environment. In some
cases, this rapidly growing body of work has served to verify
long-standing results from traditional methods: in others, it
has uncovered novel phenomena that provide new insight.
This is certainly true in areas relevant to intracellular transport.
Here. we have reviewed recent efforts to apply AFM to the
study of intracellular trafficking, with a particular focus on
cytoskeletal structure and dynamics, vesicular transport, and
receptor-ligand interactions. It should be clear that while
AFM holds enormous potential to contribute in these areas,
much room for improvement remains. First, more effort will
likely be devoted to improving the integration of AFM with
other techniques, particularly light microscopy. Efforts to
combine the power of single molecule fluorescence with
single molecule force spectroscopy are particularly exciting.
Second, there is ongoing work aimed at devetoping increas-
ingly versatile and sophisticated tools for the analysis of AFM
images and force curves. Third, in terms of improving canti-
lever performance, much attention continues to be paid to
the microfabrication of smaller cantilevers with much higher
resonance frequencies (62,63). Much effort has also been
put into establishing robust and efficient methods of chemi-
cal functionalization of tips. Fourth, improvements in instru-
mental design are proceeding rapidly. There is a particularly
intense focus on developing instruments with faster and
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more convenient sample transfer and exchange of solutes,
with a long-term emphasis on automation. Finally, to fully
harness its potential in the biological sciences, more exten-
sive efforts are needed to train life scientists in the theory,
practice, and data analysis of AFM. As these areas continue
to be addressed, AFM should become more widely used to
directly investigate cells and subcellular elements. These ef-
forts will help narrow the gap between our knowledge of the
identities of the molecules that drive cell biological phenom-
ena and the physical forces that govern their actions.
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Abstract

There is increasing evidence that intrinsically unstructured proteins or protein domains have important
biological functions. These types of proteins may be productively analyzed using polymer theory developed
to predict global physical properties of polymers. In these theories molecular detail is “coarse grained”” out of
the models, and replaced with a small number of parameters that characterize the polymer. This reduction in
complexity allows extremely large systems to be studied. In the case of simulations, the time scales accessible
also increase significantly. Here we discuss the application of polymer theory to unstructured proteins, and
consider how to classify proteins within a polymer framework. We then review polymer theory that is
relevant to predicting functionally important properties, such as radius of gyration, height of a polymer
brush and force required to compress a polymer brush. © 2001 Elsevier Science Ltd. All rights reserved.
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Nomenclature

o expansion factor
b bead size (also B)
c polymer segment concentration (context dependent)
Cs added salt concentration (context dependent)
Co long time correlation between beads
c(@) local segment concentration (function of r)
X Flory interaction parameter
Dp protein diffusion constant
d grafting distance between molecules in a brush
e charge (valence)
Ecrit critical concentration

g dielectric constant

f fraction of segments with net charge

fe critical charge fraction (for collapse)

F free energy

G intrinsic screening length

y semi-flexible angle (depends on context)
Y surface tension (depends on context)
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ratio of electrostatic to thermal effects
brush height

distance between two brush surfaces
Boltzmann constant

inverse Debye screening length
inverse screening length in the bulk
fully extended length of chain

Iy or Ly persistence length

xS~

&~ &

Iy Bjerrum length

Ipe electrostatic persistence length

N number of segments (also n)

v 2nd virial coefficient

U solvent dependent exponent

11 osmotic pressure

P probability distribution of the end-to-end vector
P, pressure

w 3rd virial coefficients

WpB grand Poisson—Boltzmann free energy

¢ site occupation fraction

r position along chain

R, radius of gyration

Ry end-to-end distribution (N; index for polymer length)
Rprobe radius of probing surface

contour length along chain

charge asymmetry parameter (depends on context)
grafting density (6~'/? = d) (depends on context)
temperature (also ¢ for effective temperature)
sequence order parameter

electrostatic blob size

excluded volume parameter

electrostatic potential (reduced units)

SN RPN Qo

1. Introduction

In recent years there has been an increased interest in intrinsically unstructured proteins, that is
proteins that in their natural state do not adopt stable, folded structures. This interest arises in
part from recent suggestions that unstructured proteins may have functions that derive from the
lack of structure. Such proteins, or protein domains, may be usefully described by the well-
established theories of polymer physics, developed for the description of large macromolecules by
means of their statistical properties. Here we review some of the existing polymer theory that is
relevant to unstructured proteins. The theory is presented in a general biophysical framework that
is intended to be accessible to the protein biochemistry community and also presents problems
that represent an important area for polymer theory development. We do not attempt to be
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exhaustive, rather our purpose is to be illustrative. It is hoped that this will provide a suitable basis
for further experimental and theoretical efforts in describing the properties of intrinsically
unstructured proteins.

Early studies of proteins often focused on their general colloidal and polymeric properties, such
as monomer composition, viscosity and hydrodynamic radii. However, the ability to crystallize
proteins and the subsequent emergence of highly detailed three-dimensional structures from
crystallographic data deflected interest from these approaches and led to the structure—function
paradigm. That paradigm, in which the function of a protein is directly related to its folded
structure, has dominated thinking about protein function for more than 50 years. The structure—
function paradigm has been extraordinarily successful in revealing precise mechanisms of action
for thousands of proteins. Unstructured proteins and protein domains were known to exist from a
range of early biophysical studies (see review in Dunker, 2001). However, such unstructured
proteins were widely ignored from a functional standpoint. One of the rare early examples, with
which we are familiar, where a function was directly attributed to a protein being unstructured was
in the case of casein, where the unstructured x-casein molecule was thought to colloidally stabilize
casein micelles (Walstra et al., 1981; Walstra and Jenness, 1984; De Kruif and Zhulina, 1996).

More recently there have been a number of functions proposed for unstructured polypeptide
domains (Dunker et al., 2001; Wright and Dyson, 1999; Hoh, 1998). For example, Dunker and
colleagues have proposed that fd phage penetration involves a disordered state of the coat protein
(Dunker et al., 1991), and Wright and colleagues have proposed that unstructured regions of the
p21 protein confer molecular plasticity with regard to binding partners (Kriwacki et al., 1996).
Our interest in this area is motivated by the finding that parts of neurofilament proteins give rise
to a very long-range force that is consistent with a polymer brush like force that is predominantly
entropic in origin (Brown and Hoh, 1997), and a similar finding for microtubule associated
proteins (Mukhopadhyay and Hoh, 2001). This suggests that these protein domains are largely
unstructured, and provides a mechanism by which neurofilament and microtubule spacing is
maintained. In analogy to an end-attached (grafted) polymer, the unstructured chain would be
expected to rapidly explore a large conformational space and exert a repulsive entropic force on
incoming molecules: a mechanism capable of being both size and charge selective depending upon
the properties of the chain and the approaching particle. That in turn leads to the notion that the
unstructured neurofilament protein domains might contribute functionally important mechanical
properties to axons. The term entropic bristle (Hoh, 1998) was used to denote an individual
unstructured protein domain of the type proposed for neurofilaments, based on the idea that
many bristles make up a brush (Fig. 1). For such systems chain flexibility would be highly
desirable, while backbone polarity and charge could be instrumental in success or failure of the
mechanism (e.g. through collapse of the chain). It was further noted that entropic bristles might
be very widespread, and that the ability to regulate bristles could be involved in controlling
protein—protein interactions (Hoh, 1998).

Polymer models have significant advantages in the characterization of unstructured proteins/
polypeptides (UPs). The highly detailed calculations commonly used to understand the structure
of folded proteins are limited by existing computational capabilities and are intractable to analytic
solution. Polymer theories (Flory, 1969; de Gennes 1971; Doi and Edwards, 1986) are based on
models with significantly less detail and lend a degree of simplicity, in the sense that the global
properties may be extracted in a more intuitive manner (Fig. 2). Moreover, polymer theories have
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Fig. 1. Schematic representation of an entropic bristle. The notion of an entropic bristie domain in a protein is based on
the idea that part of the protein is largely unstructured, and has properties in common with an unstructured polymer
chain attached to a surface. Such a polymer has a random configuration at any point in time (A), but is in rapid
Brownian motion and quickly explores a large number of the configurations available to it (B). This rapid motion
allows the polymer to exclude many molecules (such as proteins) and large structures (such as an AFM tip) that impinge
on it, through what is effectively an entropic force (C).

been developed to determine common properties applicable to a given class. The properties of a
given polymer chain may be determined via a few universal properties, rather than attempting to
account for specific and sometimes unknown characteristics for each system of study. While less
detailed than an all-atom model, polymer theories do provide the ability (within limits) to add
detail at the desired level of complexity. There is thus the possibility of models ranging from an
extremely coarse-grained bead-spring level to those incorporating some of the specific details (e.g.
through angle constraints, segmental shape and size, explicit solvent, etc). Simulations and other
numerical approaches in particular have flexibility in balancing runtime with the required level of
detail.

Theoretical approaches of the kind considered here have already proved useful in many areas of
biology, contributing to our understanding of DNA (Grosberg, 1979; Ubbink and Odijk, 1995;
Bloomfield, 1991), colloidal stabilization (Napper, 1983; Leermakers et al., 1996; Dickinson and
Stainsby, 1982), biomembranes (Lipowsky, 1995; Goulian et al., 1993) and chromosomal systems
(Marko and Siggia, 1997). Polymer frameworks have also been widely applied to gain insights
into the protein folding problem (Timoshenko et al., 1996; Creighton, 1992; Dill, 1990; Sfatos
et al., 1993). They have been applied rarely to the description of intrinsically or natively
unstructured proteins, where the focus has been on a structured native state and the manner in
which it is achieved. Where polymer theories have proved most instructive is in the reduction of
complex systems possessing many variables and parameters to comparatively simple ones that still
reproduce the behavior of the system as a whole. As with all theoretical efforts, their validity rests
on reproducibility of experimentally observed results. In many cases good qualitative and
quantitative agreement can be found, when the global properties of the system reflect non-specific
effects. In others, particularly in the achievement of specific folded structures, they have been less
successful. In the description of unstructured proteins, however, there is much to be gained.

The most important characteristic of the proteins at which this paper is aimed is that they are
intrinsically unstructured (unfolded) and have persisted through the evolutionary process due to
the properties they possess in their unstructured state. Studies of the sequences of unstructured
proteins suggest that they may have common features that account for their properties. Dunker,
Obradovic and colleagues trained a neural network based computer program on a set of
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Fig. 2. Treating a protein chain in a general polymer framework. The sequence of amino acids in the protein chain are
first converted into a virtual chain, where detailed information about the atoms in each amino acids is reduced to a
small number of aggregate properties in a virtual monomer. Such virtual chains then form the basis for basic polymer
models such as the freely jointed chain and the wormlike chain. These basic models are in turn the basis for higher order
models and methods for treating the statistical properties of polymers.

unstructured sequences selected based on their absence in protein crystal structures, and used this
program to predict that there are more than 1000 proteins with long unstructured regions in the
SWISS-PROT protein data base (Romero et al., 1998). Analysis of these sequences reveal that
they tend to be of low complexity. Furthermore, they show a tendency to be over-represented in
polar or charged amino acids and under-represented in hydrophobic amino acids (Garner et al.,
1998). This is consistent with an analysis of an independent set of unstructured protein sequences
identified by considering a range of biophysical measurements (Uversky et al., 2000).

This paper presents a review of polymer theories relevant to unstructured polypeptides. The
first section is directed at the characterization of a given polypeptide chain in solution under
various external conditions (such as pH, temperature, solution properties) within polymeric
models, while the latter parts of the paper deal with exclusion properties of tethered proteins and
interaction events. We conclude with a brief summary.

2. Polymer classification of a protein sequence

Polypeptides are characterized by the repeating structural motif: the chain is made up of
repeating a-amino acid residues (monomers) ~-NH-CHR—-CO- and terminated by amino and
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carboxyl groups at the two ends (Fig. 2). A detailed representation of the conformations of the
polypeptide chain (for example, one leading to a native folded structure) would thus incorporate
all the permitted C-C bond (¢) and C,—N bond (¢) angles, the rigid planar peptide bonds, the
number, size, charge and polarity of the —R groups, etc. This approach is analytically intractable
and computationally highly expensive. The aim in applying polymer theory to the problem is to
overcome this complexity, and for a given a sequence of amino acid residues ‘“‘coarse grain” out all
but those details which alter the average properties of the sequence as a whole. This amounts to an
increasing primary length scale as the complexity is reduced and a corresponding gain in the time
scales accessible in simulations. The number of length scales is determined by the system, ranging
from a single primary scale for the simplest neutral systems, to several for systems involving
electrostatic and other long-range forces. Three intrinsic properties of the chain that are
particularly important for an appropriate description via polymer principles are flexibility, charge
and chemical interaction with solvent (e.g. hydrophobicity), properties determined by the nature
of the —R groups.

There are several general polymer categories for which theory has been developed. One division
of theories considers primarily charge, classifying polymers as neutral, polyelectrolyte or
polyampholyte. Another major division deals with the monomer order and classifies polymers as
homopolymers, co-polymers, block co-polymers or heteropolymers. To apply the theory
appropriately, different proteins must be mapped into these categories based on their sequence.
Such a mapping is shown in Fig. 3. There we fabricate a number of hypothetical protein sequences
and show the appropriate classification of those sequences. Each sequence is given a tag “UP”
representing ““unstructured protein”, indicating the focus of our interest. However, this is not to
claim that the sequences listed in fact are unstructured. One important assumption made in the
table is that the persistence length of a protein is about 5 amino acids (see Section 4.4), and thus
the bead size is 5 amino acids. Thus a sequence that is heterogeneous at the amino acid level at
lengths of 5 amino acids or shorter can in some cases be classified as a homopolymer, when there
is a short repeating unit. We note that this is a fairly coarse mapping with several shortcomings for
considering proteins, and eventually it may be necessary to develop new polymer categories to
accommodate properties of unstructured proteins. However, our purpose here is to consider
polypeptides within the existing framework of polymer theory.

3. Neutral polypeptides
3.1. Basic polymer models

We first follow the approach of Flory (1969), introducing virtual bonds (Fig. 2) connecting
the a-carbon atoms. One virtual bond thus corresponds to 3.8 A and is the smallest structural unit
to be considered (Creighton, 1993; Miller and Goebel, 1968). The properties of the —R group
(charge, etc.) are then assumed to be distributed uniformly over this bond. We then proceed to
apply statistical arguments valid for long chains of N repeating chemical units (monomers) of size
b. Such an approach is reasonable given our interest in the global properties of the chain pertinent
to the unstructured state. There are many different models for polymer chains that may be
adopted. We discuss here only two, the freely jointed chain model and the wormlike chain model.
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Fig. 3. Classification of polypeptide sequences into established polymer categories. This classification considers two
properties, the general pattern of monomers and the charge. Homopolymers are the simplest type of chain molecules.
Some polymers have more than one monomer type, and hence are heteropolymers from a chemical view point, can still
be treated as homopolymers from an analytical point of view. In particular, a repeating polymer where each repeat is
smaller than the bead size used in the polymer model, can be treated as a homopolymer (UP1). Here we assume a bead
size of 5 amino acids for proteins. Attaching two or more homopolymers produces block copolymers (UP2). From a
polymer theory point of view, a repeating polymer where the repeat unit is larger than the bead size (UP3) or where the
repeat varies significantly (UP4) is a heteropolymer. Polymers where there is no discernable order are also considered
heteropolymers (UPS). Fusions of UP1 with UP3, UP4 or UPS5 produces a block hetero-copolymer (UP6). With respect
to charge there are three categories. Neutral polymers with no charge (UPy), polyelectrolyte, which have multiple
occurrences of one charged type (UPg) and polyampholytes, which have multiple occurrences of monomers with either
charge (UP,). Most, if not all, intrinsically unstructured proteins will be of type UPg or UP,.

Unstructured polypeptides with sequences of chemically identical, neutral amino acid residues
classified here as UP1y, are referred to as neutral homopolymers.

3.1.1. The freely jointed chain

The simplest model of a homopolymer chain is the freely jointed chain due to Flory (1969).
In this model the UP chain is divided into N statistical segments or virtual bonds (beads) of
size b. In the absence of effects other than the thermally driven motion and the connectivity
requirement, the chain performs a “random walk”, with mean squared distance between
units separated by N segments (R3% > = b?N (note that if the virtual bonds differ in length, 52
would represent the mean square value). This leads to a simple expression for the radius of
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Fig. 4. Scaling of radius of gyration for neutral polymers. The scaling of the radius of gyration is from the freely jointed
chain model. In the ideal (theta) case the exponent p is 0.5. In a poor solvent n=0.33 and the molecule tends to collapse.
In a good solvent p=0.588 and the molecule is expanded.

gyration (Fig. 4):

1

The segment assignment requires formally that orientional correlations along the chain are lost
and that each segment behaves independently of others. That is, mathematically (bebj> =0 for
all i#j, where b; denotes the vector associated with the ith bond. For real chains this is in general
not the case. The characteristic ratio C, is commonly used to characterize a chain and is given by:

RZ

For a freely jointed chain C., = 1, while for polypeptides the value is typically several times this.
Note that if C, is known (by scattering or viscosity experiments for example) then the chain can
be modeled via a rescaling of the statistical segment size so that the chain is made up of s
segments of size by = C,b. A unique assignment of ng and b is demanded by the requirements
ns = bsL, where L denotes the fully extended length of the chain, and nb? = (R}).
An unstructured polypeptide might consist of 100 residues and have a total length of 380 A. If
(R ) is measured as 290 A then the segment size follows as ~2 residues i.e. 7.6A. Such a
description assumes the probability distribution of the end-to-end vector is Gaussian i.e. that:

3 \*? 3R,

PR, N) = (2an2) exp (‘ 2Nb2> ®
an assumption that holds true in the limit of infinitely long chains but must be corrected for chains
of finite length. An exact expression for P may be found in Flory (1969), but is mathematically
complex to handle. The freely jointed chain model breaks down where <R > /(nL)? plateaus off as

a function of the number of monomers, which happens as molecules become relatively stiff or too
short.
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3.1.2. Wormlike chain

Here we draw attention to a common model adopted to describe chains of finite length and
flexibility. We define first a quantity referred to as the persistence length /, (Porod, 1949; Kratky
and Porod, 1949), corresponding to the average sum (in the limit # — o) of the projection of bond
Jj—1ion bond i, where 1<i<n such that (R,> = 2nbl, — nb?, or

=01+ Coo)-g-. 4)

The most commonly employed model is that due to Kratky and Porod (Porod, 1949; Kratky and
Porod, 1949) and often referred to as the wormlike chain model (although more often this term is
used for so-called semi-flexible chains) (Grosberg, 1979; Ubbink and Odijk, 1995, 1996;
Bloomfield, 1991).

In the Kratky—Porod model the chain has a constant contour length that undergoes a
continuous change in direction described by u(s) = dr/ds, where r(s) denotes the position along
the chain at contour length s. For the persistent or wormlike chain the average square end-to-end
distance and average square radius of gyration become

(Ry(L)) = 20, L — 212 (1 — exp (- {1)) (5)
p
and
1 287 1 L
<R§(L)> =§lpL—lg+Tp<l~ Zp<1—exp<—g>>). (6)

3.2. Accounting for backbone heterogeneity

Variations in the local stiffness of a polypeptide induced by the constraints on the individual
residues along the chain, or alternatively resulting from events such as binding of other molecules,
may be of interest in some cases. Within the polymer framework this can be thought of as a locally
changing bending constant or a persistence length that varies along the chain. Most models for
homopolymers are based on the assumption that deviations from the average persistence length
are negligible, while pronounced differences are taken into account by modeling the chain as a
copolymer, consisting of groups of rod-like or coil-like character. Significant heterogeneity must
have repercussions for the conformational properties of the chain as a whole. The measured
radius of gyration of a rod—coil mixture, for example, is obviously expected to deviate significantly
from that of both a purely rod-like chain and a purely flexible one, and its properties will
accordingly be intermittent between the two. A discussion of this problem may be found in Flory
(1969). A well-known area in which such chains are found is in the helix or helix-to-coil transition
regions where the chain possesses both helical and random chain components (Poland and
Scheraga, 1970; Zimm and Bragg, 1959; Hong and Schellman, 1992). Two approaches that have
been employed to describe the chain for these cases are the Zimm and Bragg theory (Zimm and
Bragg, 1959) and the broken rod-like chain model (Muroga, 1988, 1992, 2000), and these have
proved successful in predicting quantities such as the average helical content of the chain, the
average number of residues per helix and the radius of gyration. Although our interest here isin a
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class of proteins which may perform their function in a purely random coil state (i.e. in the
absence or near absence of secondary structure), some of the results of these theories may be
usefully employed in some cases. In the broken rod-like chain model, for example, the chain is
assumed to consist of Ny — 1 rods alternating with Ny sections of small rods or flexible coils,
containing my, segments so that

Ne—1

N
Niot = ka + Z ny. @)
k=1 =1

The average fraction of flexible components is {f) and the average number of flexible coil
segments is {n), where {f) = (Zﬁ,‘l 1)/ (Nior) and <n) = (Niot{f))/(Ns — 1). Note that {f) =
1 reproduces the fully flexible chain. The derivation of the particle scattering function and radius
of gyration of the broken rod-like chain leads to complicated analytic expressions which may be
found in Muroga (1988). The theory predicts a smooth increase in the ratio as flexible content
increases. The model may be usefully applied to interpret the conformations of a chain measured
at high scattering vectors. This is an important issue, given that a measured radius of gyration
sheds no direct light on the local conformations of the chain and relies on the employment of an
appropriate polymer model.

Finally, events such as ligand binding and interactions with proteins are known to result in
static bends or locally altered flexibility in DNA molecules, which in turn are reflected, for
example, in the hydrodynamic properties, and have motivated studies into the implications of
defects or flexibility heterogeneity in semi-flexible or wormlike chains (Hakansson and Elvingson,
1994). For the special case of a random distribution of non-uniformities y = {cos ) occurring
with probability p, the usual expression for the (long chain limit) persistence length: b/(1 —
{cos 3D) = b/(1 — &) becomes: b/(1 — (1 — p)a, — py), where 0 is the small angle made by a
segment with the previous one (i.e. for § -0 continuous curvature). With fixed average flexibility
along the chain (e.g. regularly spaced defects), the persistence length of the chain as a whole is
reduced, resulting in expanded dimensions when compared to its random counterpart. The effects
of defects or static bends is likely to be most pronounced for rod-like chains and is less pertinent
for more flexible cases.

3.3. Accounting for volume exclusion and solvent quality

The models, in their simplest form (as we have introduced them above), neglect long-range
effects, accounting for only neighbor and near neighbor interactions. They thus ignore treatment
of encounters between segments far separated along the chain backbone but in close proximity
spatially. Such encounters may involve a number of possible interactions, including steric
(volume) exclusion, van der Waals forces, and chemically and electrostatically governed
interactions with molecules and ions in solution. In explicit models of local behavior the nature
and precise magnitude of the different contributions is of great importance. For global properties
however, properties such as radius of gyration, end-to-end distance and probability of segment—
segment distances may be extracted from the polymeric models through theories such as Flory—
Huggins (mean field) theory and excluded volume theory, valid at high and at intermediate to low
concentration of polymer, respectively. As before the chain is characterized by segments of size b
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and the volume interactions are accounted for at this level, consistent with the assumption of
independent segments.

The low segment density in a coil (<6% of the volume pervaded) justifies over a wide range of
concentrations the assumption of small local segment concentration c(r). The interaction energy
of the chain may be written in the form of a virial expansion:

U= kBT/dr%vc(r)zéa)c(rf—l—m, ®)

where kgT represents units of energy, and v and w (referred to as the second and third virial
coefficients, respectively), denote the effect of 2-body and 3-body interactions. In practice w is
relatively insensitive to external conditions and may usually be taken as constant or ignored. The
behavior of v to a great extent governs the behavior of the chain. v<0 indicates an effective
attraction between segments and a tendency for global collapse (prevented by higher order terms),
v > 0 corresponds to repulsive interactions and results in an overall swelling of the chain beyond
its predicted Gaussian dimensions, and v = 0 reproduces the ideal walk discussed above with
minor contributions from higher order terms. The radius of gyration, for example, exhibits the
following scaling behavior:

()" s, ©)

where the exponent y is equal to 1/3, 1/2 and 0.588 for v<0, = 0 and >0 in the different solvent
regimes. In the polymer literature these regimes are generally classified as poor, 6 and good
solvent conditions, respectively. Note that the expansion (contraction) of the coil due to excluded
volume interactions is often written in terms of an expansion factor a(z) where z = (3/ 21)*/? x
(u/b*)N'/? is the excluded volume parameter and

V21 9 a1
(R2) "= 2oy BN, (10)

Fig. 5 indicates the manner in which the segment density (calculated from the radial distribution
function) varies about the center of mass of the chain in the various cases.

At high concentrations the applicability of excluded volume theory breaks down, while Flory—
Huggins mean field theory (Flory, 1942; Huggins, 1942) becomes valid. In the Flory-Huggins
description, the chain is represented as a random walk on a lattice with each site corresponding to
a single unit. The site occupation fraction ¢ is related to the segment concentration through
¢ = cb® and is used to describe the chain. The total free energy consists of an entropic
contribution describing arrangements of the chain on the lattice (often written as an entropy of
mixing) and an energetic contribution describing interactions between monomers and molecules
in the solution (often written as an energy of mixing). For the simple case of UP plus low
molecular weight solvent and under the mean field assumption of independent segments (i.e.
uncorrelated interactions) this leads to

=L in g+ (1= PinCt - )+ 1601 - ). an
where y = xpg —';IZ(XPP + %ss) is the Flory interaction parameter describing polypeptide—solvent
(PS), polypeptide—polypeptide (PP) and solvent-solvent (SS) interactions. At low concentrations a
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Fig. 5. Segment density of a polymer in ideal (theta) and good solvent. As solvent quality is improved, the attractive
interactions between the solvent and the chain cause the polymer to effectively swell. This is effectively the same as
having positive intrachain interactions. The polymer then spends more time at larger distances from the center of mass,
which is reflected in the segment density profile.
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Fig. 6. Phase diagram for polymers as function of the Flory interaction parameter (i) and the site occupation fraction
(¢; related to segment density). Adapted from Daoud and Jannink (1976) and de Gennes (1979).

virial expansion with respect to ¢: F J/(ksT) = (¢/N)In ¢ + %qbz(l —2) +%¢2 + --- is directly
related to Eq. (11) through ¢ = cb® such that v = B3 (1 — 2y). Good solvents then correspond to
x<1/2 and poor solvents to y > 1/2 with theta (ideal) behavior being recovered for y = 1 /2.
The typical behavior of a UP—solvent system may thus usually be described via a phase diagram
such as that depicted in Fig. 6 (Daoud and Jannink, 1976; Schaefer et al., 1980). Region I here
corresponds to a system of collapsed dilute coils (poor solvent, v<0), while regions II and III
depict dilute and semi-dilute solutions for good solvents (v>0). The applicability of the
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Flory-Huggins and excluded volume theories is reflected in the inset (shown here for good solvent
conditions). Low segment concentrations imply large fluctuations so that the mean-field
description breaks down. Flory—Huggins validity is thus reserved for relatively concentrated
solutions. The critical concentration for overlap of coils is approximately given by
Crit * N /R;zN_4/5b_3. Note that cgi decreases with N so that for long chains the critical
crossover concentration may be quite low. Renormalization group methods (Freed, 1987) and
scaling arguments (de Gennes, 1971) have been successfully employed in the semi-dilute regime to
incorporate the effects of both inter- and intra-chain interactions. The mean squared end-to-end
distance for instance can be shown to become

<R%V> sz262(2v~—l)/(3v—]) (12)

which scales as the inverse of the concentration in the ideal limit (i.e. v = 0). For the concentrated
regime the critical crossover concentration and mean squared end-to-end distance are given by:
Cerit 2 v/b% and (R% ) & NB*(1 + (12/m)(v/12¢v)/b%). In a poor solvent phase separation (Huggins,
1942) may occur due to the attractive interactions between UP segments. For most polymeric
systems the phase diagram is usually plotted as a function of temperature T, reflecting the
dependence. y(7T)~ 1/T which generally holds. However, in a biological system the temperature is
essentially fixed (7'~20—37°C), as are the pH and concentration, although the latter properties
are often varied in experimental situations.

3.4. Accounting for chemical heterogeneity

We have discussed briefly the effects of a variation in flexibility due to the given sequence of
amino acid groups along the chain backbone. Another possibility is variation in the y parameters
for the different residues; i.e. the polypeptide is rightly a heteropolymer and different parts of the
chain may interact with molecules in the solution in very different manners (for example
hydrophobic versus hydrophilic behavior). However, most of the discussion here is directed at the
case of homopolymers i.e. to sequences of amino acid groups for which the interaction with the
solvent may be reasonably represented by an average interaction parameter. Heterogeneity may
be incorporated into polymer models such as diblock, triblock and higher order block copolymers
through self-consistent analysis. Balazs and coworkers (Balazs et al., 1985) have considered the
effect of a specific distribution or sequence of segments (i.e. sequence specific y variation) on
miscibility of homopolymer/copolymer mixtures. This is done by introducing a parameter @, the
value of which indicates blockiness, randomness or alternating character in the sequence (a similar
parameter may be used to identify the relative blockiness/randomness of a charged chain)
(Wittmer and Joanny, 1993a). The free energy of mixing using the Flory—Huggins formalism in
terms of individual parameters associated with the interactions between interacting segment type
pairs, i.e. for an A-B UP2 chain mixing with a C UP1 Eq. (11) becomes

F
keT %llln ¢, +%ln b2+ ¢10:(fxac +1=Hisc =1 = ran (13)

where ¢, and ¢, correspond to the volume fractions of A-B UP2 and C UP1, respectively, and f
and (1 — f) describe the composition of the UP2 chain. y in Eq. (13) thus corresponds to ypjend =
Srac+ A —Piyse = —xap and xpeng > 0 indicates immiscibility, while ypnq <O indicates
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miscibility. ypeqq > 0 varies with_and the authors show that miscibility can be controlled through
this variable. A blocky UP2 chain in this description corresponds to 0 <& <%, a random chain to
O = % and a UP; chain containing alternating patterns to %< O < O« Average block lengths of A
and B segments are determined by the symmetry and the relative probability of, for example, AB,
A, B, AA, BB, etc. pairs along the chain, and the different pairs may vary in the relative energetics
of their interaction with the C UP1 chain. A detailed discussion of the appropriate analysis and the
implications of different sequence types may be found in Balazs and DeMeuse (1989).

4. Charged polypeptides

An important aspect of the polypeptide system is the presence of charged amino acid groups in
various combinations and fractions through the presence of the —R groups along the chain
backbone. Under physiological conditions (pH~7 and T = 20-37°C) four of the naturally
occurring amino acids carry a net charge of significance. Aspartate (D) and Glutamate (E) carry a
net negative charge, while Lysine (K) and Arginine (R) are positively charged. Histidine (H) also
carries a small net positive charge. Thus in practice, a large number of polypeptides must be
classified as either polyelectrolytes (Barrat and Joanny, 1996; de Gennes et al., 1976; Pfeuty,
1978), or polyampholytes (Dobrynin and Rubinstein, 1995; Higgs and Joanny, 1991; Edwards
et al., 1980), following the polymeric designations for polymer chains bearing a single charge type
and both charge types, respectively.

Most of the simpler polymeric models and studies of polyelectrolytes and polyampholytes are
based on the application of Debye-Huckel (D-H) theory, whereby the non-linear Poisson—
Boltzmann equation is linearized under the assumption of spherically symmetric charge
distributions with Boltzmann density statistics and the approximations of pair-wise interactions
and small electrostatic potentials. D-H theory is most valid at low ionic concentrations where the
average distance between ions in solution is large and produces a small average potential. Theories
for simple electrolytes however do not necessarily carry over to the description of charged long
chain macromolecules, due to the complications associated with the accumulation of charges in
the solution and the interplay of long-range and short-range interactions of the chain itself.
Despite these and other issues, simple models have been developed to describe the conformational
properties in the same manner as for neutral chains and should be applicable to a number of
polypeptides. An alternative approach to computing salt effects is used in computer simulations,
where the salt is treated explicitly using Ewald summation methods. This enables the accurate
computation of polymeric properties for both simple and complex systems (Darden et al. 1993;
Hockney and Eastwood, 1981).

4.1. Polyelectrolyte polypeptides

Polypeptides carrying charged groups with a significant predominance of one sign over the
other are most appropriately classified as polyelectrolytes (UPg) and the conformational
properties of the chains can be extracted from polymer theory developed to describe such
macromolecules. Three important length scales must be identified for this purpose: the screening
length k™! defining the range of the electrostatic interactions, the Bjerrum length /p defining the
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scale at which these interactions become equal to the thermal energy, and the dimensionless
coupling parameter I" characterizing the strength of interactions. Clearly the presence of charged
groups must affect the average properties: expansion of the chain will increase the average
distance between charged groups but must compete with the effects of connectivity and thermal
agitations. The effective statistical segment size or the persistence length should thus increase due
to an increasing average stiffness of the chain as the average conformational space is reduced by
unfavorable penalties for charge proximity. These effects can be described for a given
unstructured polypeptide, satisfying certain criteria, in terms of k1, Igand T.

In the D-H approximation the interaction energy between elementary charges separated by a
distance r; may be written:

e?

U(ry) = WCXP(—VUK)‘ (14)
For r; > k! the interaction is effectively screened. In terms of the ionic strength of the solution 1
this length scale is given by

k™! = (4nllg)"/>. (15)

The Bjerrum length, /g = €®/4negek T, is essentially a fixed parameter for any given charge under
specific conditions. For example, under physiological conditions, the value for sodium is ~7A.
This value indicates that the Coulombic interaction between unscreened charges is balanced by
the thermal energy at relatively short distances. Indeed Eq. (15) yields a screening length =9 A.
Experimentally x~! can be varied by solutions of differing dielectric constants and ionic strengths
over a wide range. The meaning of these distances for a given polypeptide may be characterized
by the parameter I" = Ig f /b, where f is the fraction of segments carrying a net charge. For small I
the Coulombic interaction is dominated by the thermal agitation and the chain is only expected to
be weakly perturbed by electrostatic interactions. Polyelectrolytes falling into this category are
often referred to as “weakly charged” and are generally distinguished by a small charge fraction f
and may be described by “blob” arguments (Barrat and Joanny, 1996; de Gennes et al., 1976;
Khokhlov, 1980). For a UP with statistical segment size as large as 6 of which a fraction 0.5 are
charged, for example, I' = 0.5. Normally I' > 1.0 is taken as large and I'<1 as small. Blob
arguments are based on the introduction of a new length scale ¢ which describes the length scale
below which the electrostatic effects are negligible in comparison to the thermal energy (i.e. in the
same manner as for /g, the scale at which the electrostatic energy balances kg7). For distances
r > ¢ the chain stretches out as a string of blobs, so that (for v > 0) the end to end distance is given
by

RaNV\3P23123, (16)

Here v = w and the temperature dependence of the virial coefficients is ignored.

For strongly charged unstructured polypeptides the application of the blob arguments breaks
down. For such cases £~b and the chain assumes a rod-like configuration. The concept of
electrostatic blobs also breaks down for screening lengths less than the blob size. In this case the
screened Coulombic interactions are more appropriately represented by an effective excluded
volume between monomers, which is described by a second virial coefficient of v~ 4nl"/ k2. In
general, the same conclusion holds for intrinsically stiff chains in general, i.e. where b is a
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significant fraction of the total chain length. In this case the theory of an electrostatic wormlike
chain, due to Odijk, Skolnick and Fixman (Odijk, 1977; Skolnick and Fixman, 1977) is
appropriate and most commonly employed. In this limit the chain backbone is stiff and resistant
to local bending. Odijk and Fixman introduced for this regime the concept of an electrostatic
persistence length in analogy to that developed for a neutral wormlike chain:

2
Ig (f?
Ipg = — |2 17
PETar (brc) (17
such that, (for f,>x™1), I, = Ipo + Ipe: the total persistence length is the sum of the intrinsic (bare)
value and an electrostatic contribution. For v = 0 the radius of gyration is given by

Li, 28 28 L
<R§> A s <l—exp(l >) (18)
p

which becomes bL/6 and L?/12 in the limits of a fully flexible chain and rigid rod, respectively.
Note that the expansion of the chain beyond its neutral dimensions reflects an effective excluded
volume interaction between segments due to the electrostatic effects. This has been estimated by
Odijk (1977) as vezSnlg x~! and is responsible for the observed experimental swelling parameter:
o= R2 >/< R2 . For a string of blobs in the flexible limit an equivalent expression for the end-
to- end dlstance may be obtained (Haronska et al., 1997):

1/2
R(N)= (%’-) N. (19)

Theories for polyelectrolytes have been less successful in describing the crossover region for which
b/f, b and Iy are of the same order of magnitude. We do not consider those unstructured
polypeptides falling into this class here and the description of such polyelectrolytes currently
remains a source of controversy.

4.2. Polyampholyte polypeptides

The majority of naturally occurring polypeptides of course consist of amino acid residues with
varying properties. In many cases, at a given pH, the chain consists of both positively and
negatively charged groups in similar proportions and is considered a polyampholyte (UP,). The
first theoretical studies of polyampholytes within the polymer community were initiated by
Edwards et al. (1980), who argued that a unique property of a polyampholyte consisting of equal
numbers of positively and negatively charged groups, is that at low temperatures the average net
attraction between segments can lead to its collapse into a microelectrolyte. In contrast to the
globular states achieved by neutral chains with v <0 (very poor solvents), collapse should occur at
a point governed by the length, charge fraction, Bjerrum length and temperature and should result
in a globular state which is not dominated by the short range forces. Since this early work
significant effort has been directed at the description of polyampholytes under varying conditions,
including small net charge (Soddemann et al., 1998; Tanaka et al., 1997), salt variation (Diehl
et al., 1996), charge distribution (Srivastava and Muthukumar, 1996), chain rigidity (Ha and
Thirumalai, 1997) and influence of external forces (Loomans et al., 1997; Schiessel et al., 1995;
Schiessel and Blumen, 1996; Long et al., 1998). We summarize some of these results here, with
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reference to the limiting charge distributions on flexible unstructured polypeptides at a given pH.
It should be noted that variation of the pH can significantly alter the charge distribution and
degree of ionization of the —R groups on the backbone of the chain. The sites, in this sense are
fixed (or “quenched” in the language commonly employed to distinguish fixed charge
distributions from those which are mobile or “annealed” (Raphael and Joanny, 1990; Mandel,
1988), while the degree of ionization is annealed and governed by the pH and properties of the
solution. To explicitly consider this distinction requires extensive calculation, or alternatively,
simulation. However, more general results may be obtained by a simpler classification of the
chain, in which the net charge of a segment is calculated by assuming uniform ionization of
potential charged sites along the backbone and taking the net charge on a segment as the sum the
charges on all residues contributing to that segment moved to its center. This approximation
should be reasonable for some asymmetric charge distributions on the individual segments and
where portions of the chain consisting of uncharged segments (we refer to these as X portions) is
greater than b. The size of X may of course vary along the backbone of the chain, but again,
global behavior may be in a first approximation predicted by taking X = (X ).

Consider first the scenario in which the chain consists of positively and negatively charged in
random positions (i.e. no regularly repeating motif ). Two different possibilities can immediately
be identified: (1) net neutrality, such that n, = n_ and Qo = 0 or (2) net charge ny #n_. In the
former case the segments are on average attracted to other segments in the chain which carry on
average a small compensating opposite charge. This average attraction is increased further by the
fluctuations in the charge distribution due to the conformations of the chain. Note that the
fluctuations are more pronounced for the random case than for the alternative scenario of an
alternating sequence. For large Qi the chain stretches in the same manner as a UPg chain
(polyelectrolyte) and is relatively insensitive to the distribution of charges along the backbone in
most cases (Srivastava and Muthukumar, 1996), but responsive to the net charge carried by the
chain.

Many recent studies, both theoretical and computational (Soddemann et al., 1998; Tanaka
et al., 1997) have been devoted to an understanding of the influence of a net charge. A simple two
parameter Flory theory for flexible chains (Dobrynin and Rubinstein, 1995) summarizes the
important results for random, flexible chains, while alternative treatments have been proposed
also for the relatively rigid case (Ha and Thirumalai, 1997). We expect that many of those
polypeptides at which this paper is directed should satisfy the criteria of these approaches.

For the flexible case, characterizing a chain by the fractions of positive and negative segments
f+ and f_, Dobrynin and Rubinstein (1995) introduced a charge asymmetry parameter:

(fs =)
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where u = [g /b is used to distinguish different regimes of behavior for the chain. For a given pH
and temperature we treat ¢ and ¢ as fixed for the polypeptide under consideration. Note that for a
fully charged chain, ¢t = 1/I". Large values of ¢ correspond to the dominance of thermal effects
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over electrostatic contributions while large o corresponds to large charge asymmetry, reproducing
a neutral polyampholyte and polyelectrolyte for ¢ = 0 and ¢ = I, respectively. When ¢ is very
large the dimensions of the chain are determined by the solvent and average properties are similar
to those of a neutral chain (UPy). For intermediate ¢ the behavior may be polyelectrolyte like or
polyampholyte like depending upon the charge asymmetry. Consider the case for which the
second virial v is zero (0 solvent). At high effective temperatures the chain is unperturbed and has
dimensions (R~ N'/? as for a neutral chain. At ¢ = t; ~ N*/? however, the electrostatic repulsion
between segments becomes appreciable and stretches the chain. The configuration is then
determined by the balance of the electrostatic interactions with the chain elasticity. As for pure
polyelectrolytes, an effective “blob” size &, determined by equating the electrostatic energy of y
segments with uncompensated charge e(f}. — f_) with the thermal energy (kg T), can be identified
at which scale the electrostatic effects perturb the chain. In terms of the new parameters the
conformation of the chain is then that of an elongated cigar of length N(s/7)!/3, consisting of
electrostatic blobs of size ézb(t/a)l/ * and containing (/) segments. As before, the model
requires /6 = 1/(u(fy. +f-)*) > 1 for the representation in terms of blobs to be relevant. At still
lower t, t<t;~0~ /2, the attraction between segments due to the spatially correlated charge
fluctuations may lead to a polyampholyte regime. The chain then takes the form of an asymmetric
globule with aspect ratio L/é~ N¢? for which the blob size and segments number per blob are
given by (l/a)l/ 3 and 67, respectively. For c~0 (negligible charge asymmetry and Qo= 0)
collapse occurs with no stretched conformation exhibited. For non-zero second virial (good and
poor solvents) the same qualitative behavior is reproduced with different scaling.

From the above discussion it is clear that the charge asymmetry is an important parameter in
classifying an unstructured polypeptide; the more so due to the possibility for large changes in ¢
and hence conformation, with changes in the pH. Another relevant parameter is the intrinsic
stiffness of the backbone and its magnitude compared to the total contour length of the chain.
Stiff polyampholyte chains have received comparatively little attention. An alternative approach
is required to their flexible counterparts and we briefly discuss this case here. When the backbone
of the chain is intrinsically stiff (i.e. large persistence length or short chain length) so that the chain
is best described by a wormlike chain model, fluctuations in the chain configuration are small and
interactions of the excluded volume kind do not significantly contribute. Moreover the
application of Debye-Huckel theory gains greater credibility since the relevant length scales are
more likely to exceed the Bjerrum length and thus satisfy the criteria for approximations of the
Debye form.

For weakly charged, wormlike chains with mean squared charge ¢> and mean squared
fluctuations d¢? small and /,/L~1, Ha and Thirumalai (1997) write the effective (two body)
interaction between randomly distributed charged sites along the chain as a sum of a
polyelectrolyte (repulsive) term and a polyampholyte (attractive) term scaling with the magnitude
of the charge fluctuations:

vy = kTl exp(—x7y) k—T(csa)“lf,———eXp(_z”” ) (22)

vij 2 Fij
Three body interactions are unimportant when L is not too small but may lead to an increase in
chain flexibility. From such an analysis it is then possible to extract a total persistence length for
the chain incorporating a polyampholyte term in the same manner as was described earlier for a
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polyelectrolyte contribution, i.e.: [, = [0 + lpa so that:

2 2 4
I = Lo + lgo _ I5(60) ,
4b2xc? 8h%k

where [, ~ L, which incorporates both the polyelectrolyte induced expansion and polyampholyte

induced contraction of the chain. Note that the polyelectrolyte and polyampholyte terms vary

with k=2 and ™!, respectively and that (d¢)* > x~1¢?/Ip is required for the latter contribution to

dominate. The scaling moreover applies to a random charge distribution. However for large

“blocks” of charges of the same sign along the backbone i.e. correlations between charges over a

distance L., then the polyelectrolyte effect may be enhanced. For L.>x ' the relevant equation
becomes

(23)

/ Ll
I =l + b2_];3<2<“2 + (60)*— —1;3-22((50)202 - (50)4)> (24)
and for (80)? <(b?/IsL.) the overall behavior is that of a polyelectrolyte, even for ¢ = 0 (neutral
chain). The sequences of correlated charge thus exhibit independent polyelectrolyte behavior. This
may be important for some stiff polypeptides with a propensity of acidic or basic —R groups at
regions along the chain backbone.

4.3. Specific charge sequences in polyelectrolytes and polyampholytes

The above discussions have all dealt with non-specific charge distributions. In many cases,
however, the distribution of charged groups may be important. Consider a UP with a strictly
alternating sequence of positively and negatively charged segments with net charge of zero. For
this particular case simulations and theoretical treatments (Wittmer and Joanny, 1993a) indicate
that the chain behaves like a neutral polymer with an effective, negative second virial coefficient.
The interactions between segments are thus short range and attractive. This result may be
explained by the restriction of charge fluctuations to a range of the order of the chain self-
screening length. Except for very high polymer concentrations, such that the self-screening length
is less than the average spatial distance between charges (of the order of the globule size), the
criteria for fluctuations is not satisfied and collapse occurs as for a chain in a poor solvent, with
the replacement of v = 0 with vesr z(—blf3 /X 2). As the distribution of charges along the backbone
is made more random there is a smooth crossover to the behavior discussed above, while in the
opposite limit, in which large blocks of charge characterize the sequence, the chain may be
polyelectrolyte like or alternatively aggregation may occur if there is a strong attraction between
blocks.

Inhomogenities in the charge distribution along the chain backbone may significantly effect the
shape of unstructured polypeptides (Khokhlov, 1980; Dobrynin et al., 1996; Kantor and Kardar,
1994) (this is to be distinguished from R and R, which describe the overall size). A chain carrying
a net charge may exhibit a radius of gyration closely corresponding to its unperturbed (neutral)
dimensions, while locally exhibiting highly stretched and collapsed portions. The shape of the
chain is determined by the balance of the surface energy of those blobs exposed to the solvent
(= kg T /blob), described by a surface tension yxkpT & ~ kg Tx?, with the perturbing influences,
such as net charge and external fields. For Qi = 0, in the absence of other forces, a spherical
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shape is thus adopted as this minimizes the exposed surface area and hence the surface energy. For
smaller y the surface energy is more likely to be strongly influenced by perturbations (such as the
need to minimize electrostatic energy) and a deviation from spherical geometry may occur. An
analogy has been drawn with a charged droplet which becomes unstable at a critical value of the
net charge. Connectivity prevents a chain from completely expelling charges as for a droplet,
however the chain can lower its energy by expelling “fingers” of charge so that its shape is that of
a collapsed globule with highly stretched charged strings. This effect is most pronounced for very
poor solvents, very low temperatures and very asymmetric charge distributions. In these cases the
segment rearrangements possible for small net charges and/or higher temperatures, by which
segments preferentially surround themselves with segments of the opposite charge, is precluded by
local energy barriers. Theoretical studies and simulations indicate that the chain consists of
portions of chain in which loose aggregates have formed and highly charged stretched portions,
depending upon the charge distribution. In some situations the shape can be frozen in i.e. the
relative positions of the segments are effectively fixed, as for a folded protein. This can occur only
on length scales larger than the self-screening length of the chain and requires high charge or very
low temperatures. Dorbrynin et al. (1996) have derived a scaling theory to describe the effects of
solvent and charge on the necklace configuration of a polyelectrolyte for which some predictions
follow. A globular geometry becomes unstable as the solvent is made poorer and deforms to an
elongated cylinder of length: L.~ (bN /1)(I'f2)*/* and width: Dxb(I'f?) '/, where t describes the
deviation from the @ point (i.e. solvent quality) and I' is the coupling parameter introduced
previously. The transition occurs when the charge on the chain, fN exceeds a critical value,
(Nr/I“)]/ 2. When > (I'f )1/ 3 however, the cylindrical shape in turn becomes unstable and is no
longer the configuration which minimizes the free energy. Instead the chain is predicted to take the
form of a necklace of total length L, = (Nocad — Dlsir + Nocaddbead, Where dieaa~7~ /3 and
lgr 2 b(z/T1?)? so that L, ~b(I" /1)'*fN, i.e. the length of the necklace is proportional to the total
charge on the chain. The number of segments contributing to each bead is ~t/I'f? and the
number of beads is an integer defined by: Nyeaa & I'(N/7)f2. Variation of the fraction of charged
sites or the solvent through f and 7 can thus lead to transitions between states involving beads of
varying size and number. The scaling analysis holds as long as the electrostatic blob size remains
larger than the thermal blob size i.e. the solvent must be sufficiently poor. Analysis of necklaces in
polyampholytes may be found in Kantor and Kardar (1994, 1995), Kantor et al. (1998).

4.4. Polypeptide persistence lengths

The calculation of persistence length assumes knowledge of the relative probability of different
conformations for the polymer domain. The most common assumption is that each conformation
is equally weighted and that each bond rotation is independent of the other bond rotations. That
is, for

© (Lol
p=;< )

the ensemble weights each conformation uniformly and assumes that rotation about each bond is
independent of the others. These simplifying assumptions lead to compact analytic formulae, but
are not likely to be sufficient for all UP domains which are of interest here. Even within the

(25)
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context of simple synthetic homopolymers, the analytic models often only provide moderate
agreement with experiment. For polyethylene, experiments give a characteristic ratio (Ce;
Eq. (2)) of 6.7 while the freely jointed chain suggests 2.0 (Boyd and Phillips, 1993). This is
improved by assuming that perpendicular component of independent bonds do not vanish, with a
resulting characteristic number of 3.4.

An alternative to estimating persistence length is numeric computation using a more detailed
potential function and conformational sampling. The resulting sampled conformations are then
weighted by their relative probability and the persistence length is directly computed. To perform
this calculation, the projection of the bond vector onto an initial bond vector (chosen near the
center of the chain) is used (e.g. Zhang and Mattice, 1992, 1993). The idea here is that as the bond
vector projections become less correlated with distance they will fall to zero, and the persistence
length then reflects the length scale for which there is memory of the orientation of a previous
segment. Within a rod-like polymer (e.g. polyelectrolyte) Eq. (25) yields a much longer persistence
length than for neutral polymer. Computation is made easier by defining a transformation matrix
that connects the orientation of an initial bond vector with the following bond vectors. Thus the
transformation matrix defines the coordinate system transformation that brings the vectors into
alignment:

i = Tili (26)
where
cos 0; sin 6; 0
T;= | sinf;cos¢, —cosbicos¢; sing; |. 27
sin @, sin ¢, —cosf;sing; —cos@;

The iterative application of the transformation allows the computation of the projection of distant
bond vectors onto the original bond vector.

=TTy ... T ). (28)

Thus the persistence length can be defined by the ensemble averaged set of projections, as
seen through the transformation matrix, connecting all bond vectors back to the reference
vector.

1 o]
» =l—j§ :<l?°T,~T,-+1...7}_1lj(.)>, (29)
=

A common assumption, even numerically, is that the individual transformations are independent
(Zhang and Mattice, 1992, 1993). This enables a more rapid computation and is equivalent to the
claim that each bond vector is an independent location for rotation, not influenced by other
rotations.

(TiTisr... Ti—y) = <T){Tis1) .. (L) (30)

Within this computational framework, the ability to predict persistence lengths is improved
relative to analytic approaches. However, recently, Pappu et al. (2000) have shown that for
peptide units the independence assumption breaks down. That is, for more detailed atomic models
of protein units, the assumption that each phi—psi angle is independent of neighboring dihedral
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angles does not hold. In a polymer framework this becomes less of an issue for very long
molecules (many persistence lengths). Nonetheless, it points to an important problem in using
computational or analytical methods for determining persistence lengths.

In this context we note that there have been a number of experimental measurements of the
persistence length of proteins. Methods used include atomic force microscopy, optical tweezers,
static light scattering, quasielastic light scattering, small angle neutron and/or small angle X-ray
scattering, and nuclear magnetic resonance. A commonly used value is 5 amino acids, but
experimental measurements vary depending on the protein. For example, experimental
determination shows /[, ~7-10 amino acids for the fibronectin binding protein from Staphylo-
coccous aureus (Penkett et al., 1998), /, ~7 amino acids for lysozyme (Schwalbe et al., 1997), [, ~2
amino acids for myelin associated protein (Mueller et al., 1999), /,~4-5 amino acids for titin
(Kellermayer et al., 2000) and /, ~8 amino acids for phosphoglycerate kinase (Damaschun et al.,
1999, 1993).

5. Unstructured polypeptides at surfaces

Above we have been primarily concerned with bulk properties i.e. in the absence of tethering or
anchoring constraints and extra-chain interactions with all but solution molecules. In this section
we cover some of the most important properties of unstructured polypeptides attached to
surfaces. This includes attachment to non-biological surfaces, but also biological surfaces such as
membranes or folded protein domains. Most of the important concepts of the previous section,
such as flexibility and chemical properties carry over directly to systems involving unstructured
polypeptides at surfaces.

For chains end-attached (grafted) to a surface the configurational space is reduced from bulk,
due to the additional constraint on the tether point of the chain. For high grafting densities
interactions with other chains leads to strong stretching away from the surface (the polymer brush
state). For sparse grafting (and sufficiently long) chains the surface is characterized by individual
polymer occupying half “mushroom” spheres with radial dimensions following the same scaling
behavior as dilute chains in bulk. The density profile of segments normal to the surface is
predicted to exhibit a maximum several monomer lengths from the surface and spread more in the
radial direction parallel to the attachment plane than normal to it (de Gennes, 1980; Steels et al.,
2000).

We begin with the simple case of a single “bristle” and discuss different classes of surface
attachment, implications of the surface constraint. The discussion is then extended to include
many attached closely attached polymers (bristles), referred to as a “brush’ in polymer theories,
for which inter-chain interactions may lead to stretching of the attached layer. Scaling theories
for neutral brushes (UPy) at surfaces of different curvature and steric stabilization are presented.
We then consider the possibility of electrosteric stabilization produced by sequences such as UPg
and the influence of salt and pH on such a brush and its stabilization properties. Finally there is
a discussion of the interaction of bristles and brushes with finite objects, such as particles in
the solution or experimental probes (e.g. AFM tip) and the influence on hydrodynamic
properties. Most of the discussion presents the scaling arguments as these permit relatively
simple and intuitive analytic predictions for the average properties, however we more
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generally discuss the results and predictions of more sophisticated analyses, including numerical
treatments.

5.1. Modes of attachment

We draw attention here to three different common classes of surface (Cates and Brooks, 1993;
Patel and Tirrell, 1989; Russel et al., 1989): (i) adsorption, (ii) chemical grafting and (iii) block
copolymer attachment (Fig. 7).

5.1.1. Adsorbed polypeptides

At the simplest level, adsorption (de Gennes, 1969; Milchev and Binder, 1998; Johner and
Joanny, 1991; Johner et al., 1990) of a UP to a surface can be thought of as a preference of the
surface for contact with the polypeptide (or certain segments of the chain) over contact with the
solvent that leads to a free energy gain for polypeptide—surface contacts. As a result, segments of
the polypeptide may “stick” to the surface and form a layer, which may in turn effectively convey
stabilizing properties (e.g. preventing flocculation). The thickness of the layer may be estimated by
simple arguments (de Gennes et al., 1976). A UP in a good solvent (i.e. v > 0, X<%) has an average
end to end distance Ry ~bN3/* determined by the balance of chain entropy and excluded volume
considerations as discussed earlier. However, when a segment of the polypeptide makes contact
with the surface there is a free energy gain AF~ — kT, where kTy is an energy representing the
adsorption and is determined by the relative energies associated with UP-solvent, UP-surface,
surface—solvent, etc. contacts. If a fraction f* of the UP sticks and forms a layer at the surface of
thickness H ~b/f then the total free energy will consist of a term representing the energetic gain in
surface contact and the entropic cost for reducing the configurational space of the polypeptide:

F_(b\*" b
ﬁ~(ﬁ) N=rg¥h @31
so that at equilibrium F/kT~ — Ny*/® and the average thickness is H,,=~by~>/2. The actual

configuration of the chain may consist of many “loops” and “tails” corresponding to portions of
the UP attached to the surface and extending into the solution, respectively. Dynamically, since

Fig. 7. Modes of attachment of a protein to a surface. (A) Adsorption to a surface can occur through relatively non-
specific chemical and physical interactions at several points along the chain. (B) End attachment (end-grafting) typically
employs specific chemistry by which the end of the molecule forms a covalent or other strong bond with the substrate.
(C) Block copolymer attachment exploits strong interactions between one of the blocks in the polymer with the surface,
leaving the other block(s) to behave as though they were end-grafted.
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adsorption is reversible, segments may attach and detach while maintaining the same average
thickness.

5.1.2. Chemically grafted polypeptides

In contrast to adsorbed UPs, chemically grafted (Alexander, 1977; de Gennes, 1980; Milner,
1991; Napper, 1983) UPs are tethered at one end (the -N or —C terminal for example) to the
surface and consist of segments which have no affinity for the surface or tend to avoid it. The
chain may be considered irreversibly attached for this case (although this assumption may need to
be relaxed for fluid-like interfaces) due to the strong chemical bond. In a good solvent a single UP
chain is thus confined to a half sphere of R~bN>/ determined by a balance of chain entropy with
excluded volume interactions as covered earlier. The segment density profile is altered by the
presence of an impenetrable wall (de Gennes, 1980) even for the case of a single chain.

5.1.3. Diblock polypeptide adsorption

The case of a neutral or charged diblock (UP2y or UP2E) is in many ways intermediate between
cases (i) and (ii) above. Here one of the blocks plays the role of an anchor and is strongly physically
or chemically adsorbed to the surface, while the remainder of the UP chain avoids the surface and
extends into the solution. The concept is not restricted to adsorption at a surface, but may result
from, for example, the formation of a micellar closely packed core consisting of insoluble segments
with a corona of extended segments or “hairs” corresponding to the soluble portion of the UP; i.e.,
a “star” configuration. Polymer stars (Daoud and Cotton, 1982; Shusharina et al., 1996; Wittmer
and Joanny, 1993b) have been the subject of many studies both for neutral and charged systems
and many of the results carry over to homopolymer systems at curved surfaces. Since our interest
here is in the behavior of the soluble portion of the chain, either at an independent surface or in the
corona of such a micelle (consider the globule micelle as the folded portion of a protein), we will
treat this case as identical to (ii) above and ignore the insoluble block, excepting when the micellar
state results in a change in the effective surface geometry.

5.2. Unstructured polypeptide brushes

5.2.1. Polypeptides in the brush limit

In many cases it is not the behavior of a single, isolated, surface attached UP which is of
interest, but rather many polypeptides attached in close proximity to form a layer or brush in
which the UPs are stretched beyond their average dimensions in the absence of other chains.
Consider two UPs end-attached at some separation d ~ ¢~'/2 where ¢ is the number of chains per
unit area of surface, in a good solvent where d is sufficiently large that the chains do not interact.
Then each UP forms a half-sphere of radius RA~bN3/5 and is essentially independent. When the
distance between attachment points is of the order of R however, the chains overlap significantly
(some interaction may occur at d > R due to fluctuations beyond the average dimensions)
resulting in an increase in the excluded volume interactions of each chain so that the UPs stretch
away from the surface. In stretching a chain must pay an entropic penalty Fyx JkT ~(n?/24) x
(H? /2Nb?) which must be balanced with the excluded volume interactions F/kT ~vN*ba /2H. It
has been assumed here that all chains stretch to the same height (i.e. no free UP ends located
within the brush) and that they do so elastically, so that the entropy of dn segments stretching a
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distance z is 6 Fy, =~ (3kT/ 2)(8z)?/én. At equilibrium, one obtains an average height for the brush
(Milner, 1991): H,y& No'/?. Each UP chain in this simple picture may be thought of a string of
blobs (Alexander, 1977) of size £, containing g = ¢=>/* = (¢ /b)s/ 3 segments, which fill space
completely. At scales r<¢ the chain is thus unperturbed, while for r>¢ it is stretched
perpendicular to the surface so that Hyy ~(N/g)¢ = Nb(b/ 6)2/ 3,

5.2.2. Effect of surface curvature

The curvature of the surface to which the UP is attached may also vary, either due to the
intrinsic geometry (e.g. spherical, cylindrical) of the folded region of the protein or macromolecule
from which it extends or the experimental surface employed. The geometry of the brush may
influence the properties of the UP dramatically (Daoud and Cotton, 1982; Birshtein and Zhulina,
1984; Dan and Tirrell, 1992; Ball et al., 1991; Murat and Grest, 1991; Grest et al., 1987). For a
planar interface the concentration of segments is essentially independent of distance from the
surface. However, for a positive curvature (e.g. the outside of a sphere) leads to a concentration
which, to a first approximation, decreases as a power law, so that the excluded volume
interactions within the brush effectively decrease with distance. We have seen how scaling theories
predict a step function profile for the segment density in the planar case i.e. ¢(r)~¢?/>. For
cylindrical and spherical geometries similar arguments lead to: ¢(r)xc?3(Ry/r)*® and
d(r) = o?3(Ry /r)4/ 3, respectively, where Rs denotes the radius of curvature of the surface. The
average brush height H,, ~bNa'/? found for a flat surface becomes H,, ~bN>/*6'/4(R,/r)!/* for a
cylindrical geometry and H,y~bN*/3¢'/5(Rs/ r)z/ > for a sphere. In the cases of surface curvature
the average distance to which the UPs extend is thus reduced, reflecting the rapid fall off of the
effects of excluded volume interactions between adjacent UPs which stretch the chains (Fig. 8).

5.2.3. Critique of the scaling approach
While scaling methods have been successful in predicting the asymptotic behavior and global
properties such as H,y, a detailed description of the concentration within the attached layer more
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Fig. 8. Polymer brush on a sphere. The curvature of the surface results in fewer chain—chain interactions further away
from the sphere. Thus the blob size increases as a function of distance from the surface, as strength of interchain
interactions decrease.
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rightly requires models with fewer approximations. In particular, one failing of the scaling models
is the assumption that all chains stretch to the same height and do not fluctuate in their extension.
In contrast, self-consistent field (SCF) models (Milner et al., 1988; Dolan and Edwards, 1975),
working upon the assumption that the chains are strongly stretched, place no such constraint on
the distribution of chain ends or segment density and calculate the configurations of each segment
by introducing a potential field due to the configurations of all other segments. The random walk
of an ideal UP chain introduced earlier in the paper thus becomes a random walk in a potential
field consisting of a short range wall contribution and a long-range contribution proportional to
the concentration profile. The analysis then leads to a parabolic density profile and pressure
within the layer. The parabolic profile becomes concave as the curvature of the interface increases.
Agreement with the scaling model exponents is found for the planar and spherical geometries,
however a —2/3 power law is predicted for the density profile in the cylindrical case, while
producing the same H,, as the scaling approach.

The self-consistent field method neglects fluctuations of the chains about their most probable
paths and is thus inappropriate when the density of grafting is low so that the chains are not
stretched. One of the most important implications of the SCF analysis is that the force required to
compress the brush (or alternatively the force exerted on a particle or object in its vicinity) is
reduced so that the SCF brush is effectively “softer’”” than that of the scaling analysis (discussed
further below).

5.2.4. Potential of mean force and brush—brush interactions

The steric repulsion on molecules and objects imposed by the surface attached UPs may be
described in terms of the potential of mean force. This describes the interaction of the surface
attached chains with other molecules and, in addition to the van der Waals interactions,
determines the force at a given separation. Colloidal stability, for example, relies on the balance of
the van der Waals attractions between coated particles in solution and the repulsive force, which
can be thought of as an osmotic pressure, that arises due to the reduction in entropy within the
layer as particles are brought together. Similar effects give rise to forces on an AFM tip as it
impinges on the brush (Fig. 9).

The system can be theoretically described in the following manner. Consider a layer of UP,
consisting of N segments/chain of size b, end-attached (grafted) to a planar surface (or surface of
very low curvature) with distance between attachment points b < 612 <R, in a 0 solvent (v = 0).
Scaling analysis then predicts an average height H,,~b%%¢~!/>N with concentration profile
cANb JoHy ~b*36~%3 everywhere within the layer and ¢ =0 else. The UPs are stretched
relative to their unperturbed dimensions in the direction normal to the surface and undergo a
random walk laterally of size ~bc=/*. The layer may thus be thought of as consisting of chains of
blobs of size & xbc=3/* close packed and stretching to an average distance H,y. Upon
compression to H < H,, the osmotic pressure within the brush (ignoring the bulk contribution) is
given by I1<Ily~ kT /& ~kTc%*/b* due to the entropic cost of confining the chains. In the blob
picture, ¢ is reduced as the chains are compressed and more closely pack space, so that as a
function of distance from the surface:

e 2 - /2
kT (H) o (32)




158 J.N. Bright et al. | Progress in Biophysics & Molecular Biology 76 (2001) 131-173

There is also a van der Waals interaction energy (note that for non-identical surfaces this may in
some cases result in a repulsive interaction) between the incoming particle/object and the surface.
For two planar surfaces separated by a distance D this is given by (per unit area): Fy;n~
—A/12nD?, while for sphere-sphere (radius Rp; and Rp; and sphere-particle this becomes:
Fyan~(—A/8D)(Rp) Rpy/(Rp1 + Rp2)) and Fyanx — ARp/6D, respectively. The variable 4 here is
the Hamaker constant and is typically of the order of 1072°J. These and other simple geometries
and the effect of surfaces and media are discussed by Israelachvili (1991). In situations where the
van der Waals attractions may be safely ignored Eq. (32) is equivalent to the force exerted on an
approaching object. Note that the above holds for a € solvent (i.e. v = 0). A particularly simple
relationship between two planar brushes, where d is the distance between grafted molecules,
interacting over a distance D (with D<2L where L is brush thickness) was derived by de Gennes
(1985, 1987):

k| 20\*"* (D\**
O E [(3—1)) (z) |
Consider the interaction of two UPs each tethered by one end to one of two parallel surfaces.
The UPs first interact at a separation H ~ R and the interaction leads to a confinement penalty per
chain of F/kT ~(b /H)S/ 3 and an entropic force of f/kT~H~3/3. For many UPs end-attached to
the surfaces at a density ¢ a similar prediction can be derived, only now with a dependence on o.
Two such brushes interpenetrate each other insignificantly due to the large penalty required by
chains on penetration which produces increased local stretching and excluded volume interactions.
As a result the brushes may be considered independently and the disjoining pressure in the region
between the surfaces is given by Eq. (32). A more sophisticated analysis using the self-consistent
field approach (Milner et al., 1988) yields a free energy per unit area for a planar brush:

2y 1/3 2 5
Lszza(n—> (vobz)z/3 (Hav-!— < H ) (34)

(33)

AkT 12 2H ' 2HZ, 10H3,
and a disjoining pressure:
I Noto(n\'?, o H? H H*
—[g—f% Hav (E) (VO'b ) (2—13‘/2 - Hav +—2H—§V> (35)

Recent work on quenched polyelectrolyte brush-brush interactions has provided a prediction for
the types of energies and forces in these systems (Tamashiro et al., 2001). The approach involves
application of the non-linear Poisson-Boltzmann equation for ion concentrations and electro-
statics balanced with the entropic elastic energy of ideal Gaussian chains for the surface attached
polyelectrolytes. The system geometry is flat on flat with the two brush surfaces separated by a
distance 2D and with brush surface heights H. The Poisson—Boltzmann equation is solved
analytically with continuity of the electrostatic potential at the two grafting surfaces and at the
edges of the brush. The resulting free energy for flat on flat surfaces is then converted into an
expression for the force between two-crossed cylinders or a sphere on flat interaction using the
Derjaguin approximation (Israelachvili, 1991).

F
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Sphere on Sphere Flat on Flot

Fig. 9. Interaction geometries of polymer brushes. (A) Two UP-protein coated spheres interacting. (B) Two UP-protein
coated flat surfaces interacting.
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and E(, k) is the elliptic integral of the second kind. The resulting predictions of this theory were
tested against surface forces apparatus experiments for poly(ter-butyl styrene)-sodium-sodium
poly(styrene sulfonate) [PtBS/NaPss] and found to perform well. To compare the theory against
the experiments the grafting area per chain was used as an adjustable parameter.

5.2.5. Effect of solvent quality

Solvent quality significantly effects the structure of the UP brush and may be responsible for the
success or failure of an UP exclusion mechanism. Earlier in the paper it was shown that an
isolated chain in a 6 solvent (i.e. v = 0) has average dimensions Ry~ bN 1/2 je. a random walk,
reflecting the exact balance of excluded volume interactions with chain entropy, while in a poor
solvent (v<0) the effective two body interaction is attractive due to the unfavorable segment—
solvent contacts and produces a collapse of the chain so that Ry~bN 13, When the surface
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attached UP chains overlap to form a layer it is a reasonable assumption that the average brush
height should decrease as the mechanisms driving the chains to stretch compete with the tendency
toward collapse. Indeed analysis shows that not only is the average height reduced as the solvent
quality is reduced, but so is the segment density within the brush (Birshtein and Zhulina, 1984;
Grest and Murat, 1993; Halperin and Zhulina, 1991; Milner, 1991). In a poor solvent the density
profile decreases less rapidly as the edge of the brush is approached and the free ends are located
preferentially at the edge of the brush, reproducing the step profile of the scaling analysis in the
case of an extremely poor solvent.

Scaling predictions can easily be obtained by simple Flory energy arguments in which the effect
of solvent quality is expressed by the coefficients v and o introduced earlier for two-
and three-body interactions, respectively. It was shown in previous sections that the free
energy of a solution with UP present at some volume fraction ¢ could be written as a virial
expansion: F/kT = —%(v/b3)<]52 + X/ p%)¢3, resulting in an osmotic pressure: II/kT =
G(OF [6¢) — F = —4(v/b*)$* + Xw/b%)¢’, ignoring higher order terms. In a brush in a 6 solvent
v = 0 and the three body interactions are balanced by the penalty for chain stretching ~kT'/Nb?.
Assuming a uniform density of segments throughout the brush this yields an average height
H,,~ Nb%c'/2 In a good solvent, in contrast, the second virial term dominates and leads to a greater
contribution from the osmotic pressure and hence a more swollen brush i.e. Hyy~Nbv'/3¢'/3. Ina
poor solvent, stretching of the chains is negligible in comparison to the energies associated with the
favorable inter segment interactions driving collapse. Here the attractive two body interactions
compete with the three body repulsive exclusion term and the average height is Hyy~boN /3v.

In biological systems one is often interested in surfaces with finite curvature, for example the
interaction between two roughly spherical proteins or macromolecular assemblies with attached
UPs. Consider two such proteins/assemblies separated by a distance r > R where R is the radius of
a single (identical) UP attached at one end to one of the proteins (under good solvents conditions
R~bN?*"). The potential of mean force at a separation r can be shown to be: U(r)=(y —
1/v)In (R/r) where y =  and v~3 in a good solvent. For n such UPs attached to each protein at a
density o ~n/b? the problem may be approached via a blob description in which the fall off in the
segment concentration with increasing distance from the surface is captured by an increase in the
blob size &(r) so that the blobs fill space. Each blob contains g~ (¢ /b)l/ ' segments such that
c(r) = ng(r) ~ (Rpb? /n"/*r)**b~3 and there are vRpo'/* In (N /Rpa'/?)* blobs per chain. The size of
the attached UP layer is: Hny~ N33/ 5R12,/ 5. The scaling approach (Daoud and Cotton, 1982;
Dan and Tirrell, 1992; Misra et al., 1989; Miklavic and Marcelja, 1988) is most valid for systems
in which H,,> Rp and is useful in gaining a qualitative picture. It is based on the assumption of
high surface curvature and the step function segment density profile obtained for the
scaling analysis of a planar brush. However, the interaction potential calculated by this means,
U(r)/kT ~4nR3c*/* In (r/Rr), where Ry = Rp + Hay, is not reproduced by a SCF analysis (Ball
et al., 1991; Dan and Tirrell, 1992), which also takes into account the internal structure of the
brush and the effect of brush interpenetrations, indicating that the interaction is much steeper so
that the repulsion is much stronger.

5.2.6. Charged unstructured polypeptide brushes
Finally, it is necessary to consider the effect of charge on the properties of a UP
brush (Pincus, 1991; Misra et al., 1989; Miklavic and Marcelja, 1988; Wittmer and Joanny,
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1993b; Zhulina et al., 2000a; Tran et al., 1999; Lyatskaya et al., 1995; Hariharan et al., 1998).
We noted earlier that many UPs may possess charged residues and that this may have
profound implications on the average properties of the chain. In particular, a UPg was found
to be stretched in comparison to its neutral counterpart, and the introduction of several
new length scales (e.g. I', k!, etc.) was necessary in order to describe the properties of the UP
chain.

Analogous to the neutral case discussed above, the average dimensions of a single surface
attached UP may be calculated by balancing energy due to chain stretching: Fy./kT ~ R’/ Nb*
with the electrostatic energy: F.i/kT ~(Isf2N?)/R to give R~ Nf**(I3/b)*/*> where it is assumed
that the electrostatic interactions are sufficiently strong to stretch the chain beyond its Gaussian
dimensions. When the attachment density o is sufficiently low that interactions between
neighboring UPs are negligible, R thus defines a half sphere occupied by the chain. Given the
interplay of forces of both electrostatic and non-electrostatic origin it is not surprising that
attached UPgs may lead to “electrosteric stabilization”.

5.2.6.1. Effect of polypeptide charge. When considering the behavior of polyelectrolyte brushes,
four regimes can be identified (Pincus, 1991; Tran et al., 1999; Wittmer and Joanny, 1993b;
Zhulina et al., 2000b). Two of these regimes consider only counter ions to the polymer, while the
other two include considerations for added salt. In case one (osmotic or strongly charged regime),
with no added salt, the brush height is much greater than the intrinsic screening length and is
given by

H~f'2Np. (40)

The screening length is the characteristic distance over which a test charge is neutralized, and for
this case is:

G= d(b/4nlB f‘/z) 41)

Here the disjoining pressure between two flat polyelectrolyte brushes (separated by 4), when the
brushes are compressed, is

II~fNT/d*h. (42)

In the second case (Pincus or weakly charged regime), with no added salt, the brush height is
much smaller than the intrinsic screening length and given by

H=2nlgN*(fb/d?). (43)

For brushes of this type, the counter ion distribution extends beyond the brush. Here the intrinsic
screening length is given by the Gouy-Chapman length, and is G = d?/2rlg f. The disjoining
pressure again is Eq. (42).

In the third case (weak screening regime), with added salt, the intrinsic screening length is
smaller than x;! (screening due to the added salt) and the brush height is dominated by the
intrinsic screening length. In this case the disjoining pressure decays exponentially to zero with
increasing salt, as

I T (kv /2nlg) exp (—ksh). (44)

1/2
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Fig. 10. Behavior of a charged polymer brush. (A) Schematic of a polyelectrolyte brush. (B) States of a polyelectrolyte
brush as a function of ionic strength and grafting density. (Adapted from Tran et al., 1999.)

In the fourth case (strong screening regime) the x;! is smaller than the intrinsic screening
length, and the brush height is now dependent on the added salt and given by

H=Nb(2bd%¢,) ™", 45)

Now the expression for the disjoining pressure has several forms depending on the distance
between the brushes. For large distances (4 > H) the pressure falls off exponentially (as above).
For intermediate distance where the H >h>h*, and h* = N(2d%¢,)™ !, the pressure is given by

M (1/2)(T/cs) (N/d*h)’. (46)

When 2 <h* then disjoining pressure again becomes Eq. (42). Note that all four cases discussed
above are electrically neutral, and that the definition of the intrinsic screening length (G) due to
counter ion alone may change with regime. The different regimes considered are summarized in
Fig. 10.

5.2.6.2. Effect of solvent quality on a charged polypeptide brush. To illustrate the general effect of
solvent quality on a polyelectrolyte UP brush (Ross and Pincus, 1992; von Goeler and
Muthukumar, 1996; Leermakers et al., 1996; De Kruif and Zhulina, 1996) we take the simplest
scenario in which it is assumed that the behavior of the UPs is dominated by contributions from
the residues of a single charge type and to the limit of strong charging, with screening dominated
by counterions in the layer i.e. peprush > Pobuie (Fig. 10). This case is applicable to UPs for which a
fraction f > (N2blgo) > 3 of segments that are charged i.e. if N~ 50 segments of size ~2 amino
acids and /g ~b (physiological), and the UPs are attached at a separation ~ 35 for example, this
requires f > ~0.024 charged and is easily satisfied. The free energy consists of an electrostatic
contribution, dominated by the entropic cost of localizing counterions: F.,/kT=
S Pebrush *f P~ fNb’c /H, where ¢ is the volume fraction of segments, a segment interaction
contribution, characterized by the virial coefficients v and w: Fin /kT ~ — 5(v/5*)$* + LH(w/b%)¢’,
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and the entropic cost associated with chain stretching: Fy:/kT ~Ho/2Nb?. Assuming a step
function segment density profile as in all our earlier discussions ¢~ Nb’c/H we then obtain a
total free energy:

F 1., 1., 1b%?

where the tildas denote a scaling by #°. Three limits can immediately be identified:

(i) strong charge fractions and weak excluded volume interactions,
(i) small charge fractions and weak excluded volume interactions,
(iii) small charge fractions and strong excluded volume interactions.

Case (i) corresponds to a charged UP brush in a good solvent. —%TJ<0 so that the coefficient of
two body interactions v>0 and interactions with solvent molecules are favorable. The average
properties of the brush are determined by the balance of the first and last terms in Eq. (47)
(electrostatic energy and stretching) to give an average brush height H,,~f/?Nb. In case (ii)
counterion entropy is less significant than the three body interactions and the average dimensions
are determined by the balance of the last two terms in Eq. (47): Hay & Nb?a'/2. The situation thus
reproduces the result for a neutral brush in a 6 solvent. In case (iii) the unfavorable solvent—
segment interactions provide a driving force toward collapse which is ultimately balanced by the
three body terms of volume exclusion to give H,,~Nb%c/v. In this case electrostatics and chain
stretching play relatively minor roles.

From the expressions for the average dimensions of the charged brush given above it is clear
that by varying either the charge fraction or solvent-segment interaction parameters, the relative
strength of the excluded volume as opposed to electrostatic interactions may be altered, resulting
in swelling or contraction of the brush. For a UP brush attached at a fixed density, consisting of
many charged segments for which the majority experience unfavorable solvent interactions, this
has the important implication that collapse may be induced by a sudden change in charge
fraction. It is the electrostatic interactions which promote chain stretching in this case: the UPs
would otherwise assume collapsed dimensions to minimize segment-solvent contact. The critical
charge fraction at which collapse occurs may be estimated to scale as f,~v?. In the collapsed
regime the disjoining pressure is substantially reduced: TI/AT x5 (vN*o” /H?) +1(N*6* | H),
where ¢~ No/H, from that in an electrostatically dominated brush: IT/kT ~ fNo/H for d<H
and H/sz(anBHz)'l for d > H, i.e. the UP exclusion mechanism may fail.

5.2.6.3. Effect of added salt on a charged polypeptide brush. The above collapse transition was
predicted for the case of a strongly charged brush with screening dominated by the counterions in
the UP layer. From the manner in which salt changed the internal structure and dimensions of the
brush discussed earlier, it is clear that the presence of salt should also play an important role in a
collapse transition of this nature, if present at sufficiently high concentrations. As previously
discussed, the effect of the salt ions is to screen the electrostatic interactions on the scale of the
Debye screening length x~!. In contrast to its role in the bulk, the salt only significantly alters an
UP brush’s behavior when x~! < Lc. When this is the case (strong screening) the osmotic pressure
due to the counterions, promoting UP stretching, is reduced and the brush collapses as the
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salt concentration is increased. In the presence of salt the osmotic pressure is given by: II/kT =
Clicc /(% + Ké)l/ 2)2. For ks> k¢ this corresponds to an effective excluded volume vy = 4nlp /K3
and IT/kT ~c?/2cs, i.e. the mechanism promoting brush swelling is reduced. Some of the
predictions of the above scaling treatments and those of numerical analysis (e.g. SCF) have been
tested by comparison with experiments (Hariharan et al,, 1998; Tran et al.,, 1999) and good
agreement with the theories is found.

5.2.6.4. Interaction with proteins and other finite objects. The interaction of isolated tethered
polymers and polymer brushes with finite objects and particles has attracted a great deal of
interest and analysis via scaling (Jeon et al., 1991; Subramanian et al., 1996; Martin and Wang,
1995; Halperin, 1999, SCF (Szleifer, 1997; Szleifer and Carignano, 2000; Steels et al., 2000) and
simulation (Grest and Murat, 1993, 1989; Jiminez and Rajagopalan, 1998; Milchev et al., 1999)
studies. Interaction events are of particular interest in biological situations where the function of
surface attached UPs may be to exclude certain foreign objects (e.g. based on their size) and also
in experiments on such systems where the experimental probe, such as an AFM tip, has a finite
diameter and geometric and alignment issues. For biocompatability (Elbert and Hubbell, 1998;
Woodle and Lasic, 1992) one requires prevention of protein adsorption to the surface.
Thrombosis, for example, may be induced by adsorption of plasma proteins when blood is
exposed to foreign materials. Such adsorption may be prevented by the attachment of polymers
(Horbett et al., 1986) and there is now a growing amount of literature aimed at obtaining simple
theories for these events. Similarly, the constraints and interpretation of the experimental systems
(particularly force measurements) have motivated simulations and theoretical studies of common
systems. We shall discuss here two scenarios: (1) penetration of (or alternatively exclusion from)
UP brushes by small proteins, and (2) deformation and compression by objects such as an AFM
tip. In the former we are interested primarily in the size determined capability of an object to
penetrate the brush and the resultant rate of approach to the surface if penetration occurs, while
in the latter we are motivated primarily by the experimental setting and discuss briefly force
measurements and UP deformation.

Case (1) has been studied in recent years via numerical, experimental and theoretical methods.
As we have done in the majority of this paper we will focus here on a relatively simple theoretical
model (Alexander, 1977; Halperin, 1999) for illustrative purposes. The treatment is applicable to
flexible polypeptides. The backbone is considered homogeneous and solvent-UP interactions
favorable (good solvent). The protein interaction with the UPs is similarly devoid of structure: a
densely packed sphere for example.

The potential of interaction of the approaching protein with the UPs consists of the van der
Waals attraction between a sphere and a flat surface, Uy = —ARp/6H, where Rp is the protein
radius and H is the distance from the surface, and a repulsive potential arising from the entropic
penalty for penetrating the brush, manifested in the osmotic pressure as discussed earlier. Uy is
fixed by the protein size while the brush potential Up is determined by the attachment density o
and the average height of the brush H,y and its range and strength may be controlled by variation
of these parameters. The ratio Rp/H,, however is what critically determines the success/failure of
protein exclusion. Fig. 11 is a schematic illustration of the manner in which attached UPs could
exclude large proteins and other macromolecules while allowing permeation of smaller molecules
such as water. The larger protein (Rp;) is prevented access to the surface but may compress the
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4R—P-§» Rpy

Fig. 11. Exclusion of molecules from a surface by a polymer brush. The brush behaves like an entropic spring and
excludes large molecules or particles. Molecules that are small relative to the brush height can penetrate.

layer, in order to gain an increased free energy benefit by proximity to the surface, until the force
imparted by the “entropic springs” prevents closer approach. In contrast, the smaller protein/
molecule (Rp;) can permeate the layer.

The size of the correlation blobs of the unperturbed brush £~ ¢'/? is also the length scale at
which the proteins rate of passage suffers due to the presence of the UP chains i.e. the osmotic
repulsion mechanism becomes significant. Using Kramers theory (Kramers and Wannier, 1941)
Halperin (1999) shows that for ¢ < Rp < Hyy, the rate constant kg is given by

kT g 172 3 RP 3
Fas N RoTTE, (-g) =P (‘ (m» (48)

i.e. as the ratio Rp/c'/? increases, the rate of approach of the protein to the surface is decreased
and the protein’s diffusion constant: Dp~kT /nRp~kT /nsRp(c'/?/Rp)® is much less than in the
absence of the brush: DpyxkT/ngRp. When Rp/c'/?<1 the UP chains are sparsely attached
relative to the size of the protein and passage is unperturbed. In contrast, when Rp/H,, <1 the
protein may approach the surface and perturbation of the brush is small. Approach is then
opposed by the hydrodynamic drag force f ~nRpv where 7 is the effective viscosity and v is the
velocity of the protein. As the surface-protein separation is decreased and the van der Waals
attraction becomes very strong adsorption at the surface rather than the outer edge of the brush
becomes possible.

Case (2) has a few simple limits that have proved insightful. One of the first of these is for a
single polymer attached to a flat surface with a second probe surface (such as an AFM tip)
approaching from above. The resulting prediction for the free energy penalty is readily derived by
a collisional argument for interactions between the polymer and a wall (Grosberg and Khokhlov,
1994):

F NP
kyT  H?’
where b is the bead size, H is the distance between the grafting surface and the wall, and N is the

chain length. When the interaction is between a cylindrical probe surface of cross-sectional area
A, approaching a surface with neutral brush height of Hy, then the free energy change with

(49)
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compression can be defined by the change between those parts of the brush compressed by the
cylinder and those parts not compressed. This leads to the following expression:

SN[ c\® 2/A\ (e 5/ [\ 1
@ SDE SDE (—om) @
where ¢ is the extent of compression of the brush (deviation from equilibrium) and f is the
unperturbed energy per unit area (Subramanian et al., 1996).

One of the most interesting predictions for an UP-object interaction is found for the simple case
of a cylinder of diameter D held at a distance H above a planar surface to which the UP of length
bN is end-attached. In both good (Subramanian et al., 1995, 1996) and 6 (Guffond et al., 1997)
solvents a first order escape transition, and hysterisis upon retraction of the object for a uniformly
compressed to a partially escaped state, has been predicted. The prediction rests on energy balance
arguments: when the UP in a good solvent for example is compressed by an object (assumed to be
of size D > ~bN3/%) to a height H less than its unperturbed dimensions it suffers a confinement
penalty. If the object is very large then compression is uniform and a force f/kT ~ N PPH/3
must be applied to further reduce H. If, however, the object is finite it may be possible for some
segments of the UP to avoid confinement by the chain stretching as a tether to the edge of the
confinement region. As was the case in a UP brush, stretching requires a penalty in the free energy
which must be balanced with the benefits of entropic gain. Simple arguments lead to a critical
object-surface distance H,y ~ N*/2b°/? / D*/2. Since escape corresponds to sudden drop in the chain
dimensions, the transition is reflected in a sudden decrease in the force required to compress the
UP. In a 0 solvent (v = 0) the UP escapes at H~ Nb?/D i.e. roughly the ratio of the mean squared
end to end distance of the chain to the object diameter. In both cases a large energy barrier is
present at weak compressions, leading to the possibility for hysterisis in the force curve. When the
object is misaligned with the surface so that H is non-uniform (e.g. a step) there is a competition
between escape under strong compression with a relatively short tether and weak compression
with a long tether (Guffond et al., 1997). This competition leads to the possibility of multiple
transitions and corresponding drops in the force curve.

In the brush limit the scaling approach is based upon the assumption that the object compresses
only those segments directly beneath it, leaving the remainder of the brush unperturbed. For a
brush of total area A, attached at density o to the surface, the force exerted on the incoming object
is (in the limit of small D/A): f ~(—D?/A)(Ha — H)*/1®) and is repulsive at all distances.
Simulations in contrast indicate that the assumption of uniform compression of chains under the
tip is inappropriate, and that in fact the chains splay in order to avoid compression (Grest and
Murat, 1993), resulting in a less sharp rise in the force required to compress the chain as the
surface-object distance is decreased. This “splaying” effect is more pronounced for smaller objects
and is reflected in a local decrease in the segment density under the object. The implications of
“splaying” are further addressed in recent SCF calculations in which the full segment density
profile within the brush have been considered (Dan and Tirrell, 1992).

Not all neutral UPs will fall into the range of the predictions above. Some UPs may be
intrinsically stiff so that the chains tend not to compress elastically but rather undergo a bending
deformation in the presence of the approaching object. For a rod-like UP (/,/L) the energy
associated with bending the rod (assuming small deformation) is F/kT = (l,(1 — (H/L))/2L) and

F

k= A
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Table 1
Summary of important equations presented. See main text for details
Property Equation Notes
. . 1 .. .
Radius of gyration R, = ng 172 Freely jointed chain model

Neutral homopolymer,
12 No chain interactions
Radius of gyration <R§> ~bN* Accounts for solvent and volume effects p is
1/3, 1/2 and 0.588 in poor, theta and good
solvents, respectively

Radius of gyration <Ré(L)> = %IPL -B Wormlike chain model
Finite length and flexibility
28 / L
B - U . o I =
+ 7 ( % 1 4exp o
: : N _Lh, 25 2 L
Radius of gyration <Rg> =73 Iy +T— 72 1 —expl| — A Polyelectrolytes
Brush height Hoymby 32 Single neutral polymer

Balance energy of contact adsorption and
entropic loss in configurations

Brush height H,,~Ng'/ Neutral polymer brush
Balance of enthalpic and entropic terms

Brush height avab(2bd2cs)_1/ } Polyelectrolyte brush
" ‘ Strong screening limit
Brush height H,x2nlgN3(fb/d)” Polyelectrolyte brush
Weakly charged (no added salt)
kT [ 20\** [ D\**
Brush: brush Pe(D)ym—t—=]| = Neutral brushes on flat surfaces D<2L
: d? {\3D 2L . .
compression (interacting)
Brush: brush R = 4nK~'ngkpg TAwps Quenched polyelectrolyte brushes
compression Probe
. . F NP
Single chain Pzl Free energy penalty

compression Single (neutral) chain between two surfaces

3(%)
S@6) ()

F
Brush i —=A
rush compression T fo

5
<——> += (—) (——) Cylinder of area 4, compressing a neutral
polymer brush

6

results in a force for compression f/kT ~1I,/2L?. If the approaching object is sufficiently small
that the rod can bend to its edge then an escape transition may be found at a critical deformation
angle, with a sharper drop in the force required to compress the UP than in the flexible chain case.
In a brush of stiff chains end-attached with density o as before, the force required for compression
is more sensitive to the extent of deformation of the chains and may result in all chains escaping
from the vicinity of the object for strong compressions.
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6. Summary

Here we have taken the position that intrinsically unstructured proteins have functionally
important properties that can be understood and predicted using polymer theory developed to
describe average properties of molecules and molecular assemblies, such as radius of gyration,
height of a polymer brush and force required to compress a polymer brush. Thus we have
reviewed polymer theory that we believe is relevant to the problem of predicting properties of
unstructured proteins. To provide an overview of some of the central equations discussed we
present a summary table (Table 1). The polymer theory presented has to a limited extent been
applied to proteins, although it remains to be seen how well it will perform when more widely
used. It is likely that many shortcomings will become apparent, and we hope that this will prompt
the development of polymer models and theories that are directed at understanding properties of
intrinsically unstructured proteins.
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Role of Long-Range Repulsive Forces in
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When the axon of a motor neuron is sectioned and
visualized by electron microscopy, a two-dimensional
distribution of neurofilaments (NFs) with nonrandom
spacing is revealed; this ordered arrangement implies the
presence of physical interactions between the NFs. To
gain insight into the molecular basis of this organization,
we characterized NF distributions from mouse sciatic
nerve cross sections using two statistical mechanical
measures: radial distribution functions and occupancy
probability distributions. Our analysis shows that NF or-
ganization may be described in terms of effective pair-
wise interactions. In addition, we show that these statis-
tical mechanical measures can detect differences in NF
architecture between wild-type and myelin-associated
glycoprotein null mutant mice. These differences are age
dependent, with marked contrast between the NF distri-
butions by 9 months of age. Finally, using Monte Carlo
simulations, we compare the experimental results with
predictions for models in which adjacent NFs interact
through rigid cross bridges, deformable cross bridges,
and long-range repulsive forces. Among the models
tested, a model in which the filaments interact through a
long-range repulsive force is most consistent with the
results of our analysis. © 2002 Wiley-Liss, Inc.

Key words: cytoskeleton; intermediate filaments; un-
structured proteins; phosphorylation; interaction forces;
amyotrophic lateral sclerosis

Neurofilaments (NFs) are the most abundant cy-
toskeletal element of large, myelinated axons. These type
IV intermediate filaments have contour lengths of several
micrometers and run in paralle] along the axon. When the
axon is cut in cross section and the transected NFs are
visualized by electron microscopy (EM), the NF distribu-
tion appears nonrandomly arranged, suggesting that the
filaments interact with one another to maintain order.
One metric for this order is the distribution of nearest-
neighbor spacings, which typically reveals that most

© 2002 Wiley-Liss, Inc.

nearest-neighbor separation distances fall within a rela-
tively narrow range (e.g., 33—47 nm for adult rats; Hsieh
et al., 1994). Experimental nearest-neighbor spacings have
also been compared with simulated distributions of highly
ordered and randomly positioned particles; based on this
study, it was concluded that NF distributions lie interme-
diate between completely random and highly ordered
(Hsieh et al., 1994). Other approaches have been used to
characterize structure in NF distributions, including the
use of tile-counting methods (Price et al., 1988, 1993).
Much attention has been paid to the biochemistry of
interfilament interactions. NFs are composed of three
polypeptide subunits: a light chain (NF-L; 61 kD in hu-
mans), a medium chain (NF-M; 90 kD), and a heavy chain
(NF-H; 110 kD). The amino termini of the monomers
contain rod domains, which associate to form the filament
backbone, and the carboxy termini of NF-M and -H form
“sidearms” that protrude from the filament backbone to
give the isolated NF a bottle-brush appearance (Geisler
and Weber, 1981; Willard and Simon, 1981; Hisanaga and
Hirokawa, 1988; Leapman et al.,, 1997). The sidearms,
which are heavily phosphorylated (Lee et al., 1988), are
thought to mediate interactions between NFs and allow
them to form a structural framework that maintains axonal
patency and protects the bore of the axon from compres-
sive stress (Brown and Hoh, 1997; Gou et al.,, 1998).
There are several hypotheses for the nature of these inter-
actions. One proposed mechanism is electrostatic repul-
sion between the phosphorylated sidearms; this is sup-
ported by several observations, including a correlation
between regional NF phosphorylation level and interfila-
ment spacing distance (Carden et al., 1987; de Waegh et
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al,, 1992). A second model is interfilament cross bridging
mediated by the sidearms, which is based primarily on the
observation of connecting structures between NF back-
bones by EM (Chen et al., 2000) and rheological mea-
surements (Leterrier et al., 1996). In a third model, the
sidearms lack a stable three-dimensional structure and
move rapidly to occupy a large effective volume, giving
rise to an entropic repulsion upon compression. This
model is supported by atomic force microscopy (AFM)
measurements, which demonstrate molecular exclusion in
the proximity of NFs; independent experiments have
detected a long-range repulsive force between individ-
ual NFs and the AFM probe even in high-salt buffer
(Brown and Hoh, 1997). Consistent with this finding,
Dunker and colleagues screened the Swiss-Prot database
with a neural network predictor trained to identify long
disordered regions of proteins and found that the mouse
NE-H sidearm domain received the sixth-highest score
among more than 59,000 total sequences (Romero et
al., 1998).

Anterograde axonal transport of NFs is also the sub-
ject of much controversy, with some groups favoring a
model in which fully assembled NF polymers are trans-
ported along the axon and others favoring one in which
individual NF subunits or short oligomers are transported
and then added into existing mature filaments (Terada et
al., 1996; Galbraith et al., 1999; Brown, 2000). Moreover,
there is disagreement among proponents of the former
model regarding whether NFs are transported as single
filaments or as bundles (Wang et al., 2000; Yabe et al.,
2001). Understanding the physical nature of NF-NF in-
teractions in the axon bears obvious implications for each
of these models.

To understand better the relationship between inter-
filament interaction mechanisms and observed interfila-
ment spacing in vivo, we have applied statistical mechan-
ical methods to analyze NF distributions from sciatic nerve
cross sections. To determine the utility of this approach for
studying phenotypic changes in interfilament interactions,
we have compared NF distributions from wild-type mice
with those from myelin-associated glycoprotein (MAG)
—/~ mice. MAG is a heavily glycosylated type I integral
membrane protein that is enriched in the myelin internode
membrane that apposes the axon. The MAG —/— pheno-
type was chosen as a comparison because it has been
characterized extensively and includes marked reductions
in nearest-neighbor NF spacing, mean axonal diameter,
and NF phosphate content. MAG directly or indirectly
serves, based on these findings, as an axonal ligand that
influences the phosphorylation state of NFs, which, in
turn, regulates interfilament spacing and axonal diameter
(Yin et al., 1998). To explore which models of interfila-
ment interaction might account for the results of the
analysis, we performed Monte Carlo (MC) simulations of
two-dimensional NF distributions in which we imposed
interfilament potentials designed to model different side-
arm interactions.
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Fig. 1. Schematic diagram of information theory approach. A: Elec-
tron microscopy of a motor neuron axon cut in cross section; the
punctate structures are NFs. B: Schematic representation (at higher
magnification) of NFs and observation circles. Observation circles of a
fixed diameter are placed in the field, and the numbers of NFs observed
in the circle (n) are recorded. C: Occupancy numbers are converted
into a probability distribution (p,) by constructing a histogram and
normalizing by the number of observations. The dashed line represents
a Gaussian fit, which appears parabolic on these semilogarithmic axes.
Scale bar = 100 nm.

MATERIALS AND METHODS
Theory

The potential of mean force (PMF) provides a means of
connecting interaction potentials between particles with their
arrangement in space. One recently developed approach to
connecting the PMF to the structural arrangement of particles
involves the application of information theory (IT; Hummer et
al., 1996). The central quantity in this approach is the occupancy
probability distribution, defined in the context of NF organiza-
tion as the distribution of probabilities p,, of finding n NFs in an
axon cross-sectional area of defined size and shape. To calculate
the occupancy probability distribution for an ensemble of axon
cross sections, we place a spherical observation “area” at a large
number of random positions within the cross section (Fig. 1A)
and count the number of NFs that fall within each area (Fig.
1B). A normalized histogram is then constructed to yield the
distribution of probabilities of finding a given number of NFs in
the observation area (Fig. 1C). The moments of this distribution
are directly related to the cross-sectional density and radial
distribution function of NFs in the ensemble of axon cross
sections. The PMF is directly related to the radial distribution
function.

The p, distribution shown in Figure 1C is analyzed be
defining an information entropy (1) in terms of p,:

N
n= - E pnln(pn/ﬁn)

n=0

Here, the set #,, is a set of prior distributions, which we chose to
be unbiased {constant g, for n = 0 ... N), and N is large
compared with the average of n. The most likely p, distribution
is obtained by maximizing n under constraints of the available
information, i.e., that satisfy conditions imposed by the mo-
ments of the distribution. In particular, for the zeroth moment,

(W) =2 p.=1,




and, for the first moment,

(n'y = 2 np, = pAA,

where p is the number density of NFs in cross section and A4
is the observation area, and, for the second moment,

(n) = 2 r’p, = (n) + 9 J dr f =) dr.
AA AA

Here g(r) is the radial distribution function characterizing spatial
correlations between pairs of NFs and, as such, is related to the
PMEF through the expression PMF = —kTln[g(r)]. Radial distri-
bution functions have been used to quantify structure and in-
teraction potentials between connexins in gap junctions (Braun
et al., 1984, 1987) and immunoglobulin receptors (Perelson,
1978) and bacteriorhodopsin proteins in membrane arrays (Pear-
son et al.,, 1983). The statistical descriptors obtained from IT
have been used successfully to relate intermolecular structure
and intermolecular interactions in water (Hummer et al., 1996)
and polymeric fluids (Garde et al., 2000). Maximizing 7 subject
to the three moment constraints leads to a Gaussian distribution
for p,, which has several implications. Most significantly, a
Gaussian probability distribution indicates that the organization
of the system may be described in terms of pair correlations
alone, i.e., the PMF calculated directly from the radial distribu-
tion function. Descriptions of higher order correlations among
three or more NFs are not required. The first moment or mean
of this Gaussian distribution corresponds to the NF number
density in cross section, and the variance, which is related to the
second moment, provides 2 measure of the interfilament PMF
or, equivalently, the strength of interfilament interactions. For a
given density, the smaller the variance about the mean, the
stronger the pair correlations between NFs.

Analysis of Electron Micrographs

Electron micrographs were obtained from wild-type and
MAG —/— mice at ages 14 days, 3 months, and 9 months. The
procedures for perfusion and fixation of tissue as well as micros-
copy have been described elsewhere (Yin et al., 1998). Micro-
graphs were then scanned and digitized (6—-12 EMs for each
cohort); a region containing 200—1,000 NFs and relatively free
of organelles and other cytoskeletal structures was chosen, and
the coordinates of each NF within the region were identified by
hand and recorded. These coordinates were used to calculate
radial distribution functions and probability curves. Computer
code for this analysis and for the MC simulations described
below were written in Fortran. Gaussian fits for both experi-
mental and simulation results were performed as quadratic fits to
In(p,) which adds statistical weight to the extremes of the
distribution.

MC Simulations

NF cross sections were represented as two-dimensional
disks in canonical ensemble MC simulations carried out at 300K
(Allen and Tildseley, 1987). An initial configuration was gen-
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erated by placing the disks at the nodes of a square lattice.
Metropolis MC moves were made one randomly chosen particle
at a time until the system reached equilibrium, as determined by
a constant average total energy and radial distribution function.
After equilibration, the simulation run was continued to obtain
the occupancy probability distributions, which were calculated
as averages over 30—50 structures sampled at fixed intervals
(approximately every 10-15 MC cycles).

Interactions between the disks were modeled using an
analytical potential function representing pair interactions be-
tween polymer brushes. Specifically, we used a potential func-
tion based on an expression for gelatin-coated hard spheres
(Likos et al., 2000). This spherical interaction potential is taken
to be a reasonable approximation for the interaction potential
between pairs of parallel cylinders, as would be the case for NFs
aligned in the axon. To our knowledge, the latter potential
function is not available. In this model, the NF-NF interaction
potential, U(r), is a function of center-to-center separation dis-
tance between NF cylinders or disks in cross section. The NF
sidearms will occupy a diffuse volume that extends a distance, L,
from the filament backbone, which has radius R. The NF
backbones are not allowed to overlap, so that Ufy) = o for r <
2R, When the NFs are sufficiently far apart that the sidearm
layers do not overlap (i.e., r > 2R, + 2L), the NFs do not
interact and Ufr) = 0. At intermediate distances, the potential is
given by:

16mR L?

U(y) =kTa B

20
Xa|28(y 4 —1)+ Tl A=y +12(y - 1)],

where y = (r—2R)/(2L). Here, kT is the thermal energy, s is the
distance between sidearms along the NF backbone, and a is a
scaling factor empirically determined to be 0.01. Based on
estimates from EM of isolated NFs (Geisler and Weber, 1981),
we took R, = 5 nm and s = 3 nm. We used a square-well
potential to represent rigid cross bridging and a soft repulsive
potential of the above-described form superimposed on a
square-well potential to represent deformable cross bridging.

RESULTS

We first determined the occupancy probability dis-
tributions and radial distribution functions for wild-type
and MAG —/— mice at 9 months of age (Fig. 2). The radial
distribution function has a direct structural interpretation
and can provide insights not apparent in the probability
distributions. This being the case, direct calculations of
radial distribution functions complement their more indi-
rect representation in the IT approach. The occupancy
probability curves for wild-type and MAG —/— are Gauss-
ian (Fig. 2A), consistent with the IT prediction for a
system whose organization is governed by a collection of
pairwise interactions. Insight into the physical properties
of the two NF architectures may be obtained by compar-
ing the statistical descriptors of the two distributions. The
means of the wild-type and MAG —/— distributions are
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Fig. 2. A: Experimental probability distributions at 9 months. Points
are experimental values for wild-type mice (solid circles) and MAG /-
mice (open circles) using an observation circle radius of 60 nm, with
Gaussian fits. B: Experimental radial distribution functions at 9 months.
Wild type is represented by a solid line and MAG —/— by a dashed line.

approximately 2.6 and 7.4, respectively, reflecting the fact
that the NFs are more densely packed in the axons of the
MAG —/— animals than in those of the wild type. In
addition, the standard deviations of the curves differ sub-
stantially at approximately 1.7 for the wild-type group and
2.5 for the MAG —/— group (a fractional difference of 0.47
times the wild-type value). Within the IT framework, this
difference demonstrates weaker pair correlations and
greater disorder in the MAG —/— NF distributions. This,
in turn, suggests that interfilament interaction forces are
weaker in the MAG —/— mice than in wild-type mice.
This is seen more readily through direct measurement of
the radial distribution functions (Fig. 2B). The wild-type
NFs show greater interfilament spacing as evidenced by

>

12
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Fig. 3. Mean (A) and standard deviation (B) of wild-type (solid circles)
and MAG —/— {open circles) probability distributions over time. *P <
0.01 by Student’s t-test. Note that here we used an 80-nm-radius
window (rather than 60 nm as for Fig. 2) for all ages to obtain more
meaningful p, statistics for the smaller NF densities of the 14-day-old
mice. This change in window size has no qualitative effect on the
results.

the right-shifted peak; they also show greater structure on
this length scale as evidenced by a higher first peak value
in g(r).

The IT approach was further tested by examining
changes in NF distributions during development (Fig. 3).
We performed IT analysis on axonal cross sections from
wild-type and MAG -/~ at ages 14 days and 3 months, in
addition to the 9-month-old mice described above. In this
analysis, the densities of the two populations track one
another closely through 3 months but diverge significantly
by 9 months (Fig. 3A). Similar developmental changes are
observed in the width of the probability distributions
(Fig. 3B).

An attractive feature of the statistical mechanical
approach described here is that it provides measurable
quantities (p, and g(r)) that change with interaction poten-
tials. To determine whether proposed models of interfila-
ment interaction are capable of accounting for the trends
observed in the experimental data (Fig. 2), we conducted
MC simulations on two-dimensional arrays of particles
representing NF cross sections. In these simulations, we
fixed the density, volume, and temperature of the system,
imposed a pairwise interaction potential representing a
physical model, and assessed the resulting configurations
using IT and radial distribution functions. We tested three
models: a rigid cross-bridging model (Chen et al., 2000),
a soft cross-bridging model, and an entropic repulsion
model (Brown and Hoh, 1997). In each case, we simu-
lated two NF densities, one corresponding to the NF
density of the wild-type mice at 9 months and the other
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Fig. 4. Monte Carlo simulations for three model NF interaction po-
tentials: rigid cross-bridging model (A), soft cross-bridging model (B),
and entropic repulsion model (C). The leftmost panels depict the
potentials used in the simulation to represent the wild-type and MAG
—/— NFs along with a schematic physical model (insets). Note that the
width of the potential well in A is exaggerated for clarity. The next two

corresponding to that of the MAG —/— mice. We did not
attempt to model a purely electrostatic spacing mecha-
nism, because doing so requires the three-dimensional
charge distribution (i.e., shape of the protein), which is not
known. This is because under physiological ionic condi-
tions the Debye screening length is approximately 0.5 nm,
and direct electrostatic interactions are negligible on the
length scale of interfilament spacings.

We first considered the cross-bridging or “rigid
strut” model (Fig. 4A), in which the NF architecture
results from a sidearm of one filament binding rigidly to
the backbone or sidearm of an adjacent filament. We
assume that there is a narrow region of binding sites along
the NF sidearm, with a modest binding energy of 5kT.
The corresponding interaction potential is a narrow en-
ergy well placed at a fixed interfilament distance. We
assume that the sidearms may not penetrate one another,
so that at separation distances less than the strut position an
infinitely steep potential is encountered. At distances

n rnm)

panels show examples of configurations sampled during a typical sim-
ulation for each case. The next panel depicts the resulting probability
distributions for the simulation with Gaussian fits, and the rightmost
panel depicts radial distribution functions for each case (note scales).
Solid lines and solid circles represent wild-type and dashed lines and
open circles represent MAG —/— mice.

greater than the strut position, the interaction potential is
zero; inside the well, the NFs bind. Simulations were run
at interfilament binding distances corresponding to ap-
proximate average nearest-neighbor distances in wild-type
and MAG —/— mice (~38 and 50 nm, respectively) and at
the appropriate respective densities (Fig. 4A). Inspection
of typical configurations for each case indicates that, under
this potential, the NFs are regularly spaced, with some
voids that result from interfilament adhesion and cluster-
ing. The probability distributions deviate slightly from
Gaussian predictions, particularly at low #; similar results
have been observed in other attractive (self-associating)
systems. At 1.08 and 1.10 for wild-type and MAG —/-,
respectively (fractional difference of 0.019 times the wild-
type value), the standard deviations of the two probability
distributions are similar, unlike the case for the experi-
mental data (Fig. 2). The radial distribution functions also
differ substantially from the experimental data; the hard
repulsion gives rise to a step-like increase in g(7) at the strut
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position and the adhesive well produces sharp, periodic
spikes. When the adhesive well is reduced or removed
entirely, the probability distributions more tightly follow
Gaussian fits, and the spikes broaden and fall in amplitude
(not shown).

To test the sensitivity of the cross-bridging simula-
tion result to well depth (binding energy), well position
(interfilament binding distance), and well width (binding
range), we ran several simulations in which each of these
parameters was systematically varied. These simulations
produced results similar to those shown in Figure 4; we
were unable to find, within a reasonable parameter space,
conditions that qualitatively recapitulated the experimental
results of Figure 2. We also tested potentials in which the
sidearms were allowed to penetrate one another without
binding, i.e., where the narrow adhesive well was retained
at the position shown but the hard wall separation distance
was reduced to 10 nm (the NF core diameter). These
simulations produced aphysical configurations in which
the cross bridge between a pair of NFs overlapped the core
of a third NF (not shown), leading us to reject such
potentials as inaccurate descriptions of the physical model.
More sophisticated potentials that incorporate correlations
of three or more NFs were also rejected because the
experimental probability distributions indicate that the NF
architecture arises from pairwise additive interactions.

Next, we considered a model in which the NFs
interact via soft or deformable cross bridges (the “soft
strut” model; Fig. 4B). Here, as in the rigid strut model,
the NFs do not interact beyond separation distances cor-
responding to the strut position; inside the strut position,
the NFs bind with energy 5kT. However, the NFs are
now allowed to approach one another more closely than
the binding distance, where they remain bound but en-
counter an increasingly repulsive potential with closer
approach. This soft repulsion represents the deformation
of the cross bridge, which could result from bending of a
folded protein or compression of an unfolded protein. To
simulate this model, we retained the cross bridge positions
of the rigid strut model, used a soft repulsive component
to represent the wild-type potential, and used a shorter
range, soft repulsive component for the MAG —/— poten-
tial (Fig. 4B). As expected, sample configurations now
reveal some NF pairs separated by distances less than the
strut position. However, the attractive component still
produces moderate NF clustering. Because of this, the
probability distributions again deviate slightly from Gauss-
ian predictions; the fit improves when either the repulsive
component is strengthened or the attractive component is
weakened (not shown). The standard deviations of the
probability distributions, which were1.7 for wild-type and
1.9 for MAG —/— (a fractional difference of 0.12 times the
wild-type value), do not differ as greatly as in the exper-
imental results. The distributions are broader than those
produced by the rigid strut potentials because of the
greater diversity of interfilament spacings made possible by
the soft repulsion. The periodic maxima in the radial
distribution functions now develop gradually, a conse-

quence of the soft repulsion; however, the spikes that are
not seen in the experimental data persist.

Finally, we considered the entropic repulsion model
(Fig. 4C). Here, the NFs interact through a long-range
(>50 nm) repulsive force generated by the thermally
driven motion of the unstructured sidearms. To represent
this model analytically, we used a potential based on the
Alexander-DeGennes expression for polypeptide-coated
hard spheres. The key physical parameter here is the
effective thickness of the unstructured polypeptide layer
(the “brush”); by varying this parameter in our simulation,
we found that at each density, as the layer thickness is
increased, the variance of the probability curve falls (not
shown). This reflects the stronger interfilament interac-
tions at greater brush thicknesses. To determine whether
this model could account for the experimental data, we
ran simulations at the wild-type NF density with a brush
thickness of 50 nm and the MAG —/— NF density with a
thickness of 25 nm, estimates for highly and poorly ex-
tended sidearms (Fig. 4C). Inspection of sample configu-
rations for each case indicates that the presence of ex-
tended sidearms is capable of generating much long-range
order at low (wild-type) NF density. This is further evi-
dent in the probability distributions, which show differ-
ences in the standard deviation of the distribution for
MAG —/— and wild-type that are similar to those in the
experiment (0.82 for wild-type and 1.3 for MAG —/—, a
fractional difference of 0.59 times the wild-type value).
The radial distribution functions show broad maxima con-
sistent with a soft repulsive potential. The wild-type max-
imum is both greater in magnitude and right shifted rela-
tive to the MAG —/— maximum. Moreover, the curves are
notable for the absence of the sharp spikes observed in the
cross-bridging model. We also performed simulations in
which the brush thickness was fixed but the NF density
was varied; we were unable to reproduce the experimental
result at the densities of interest.

DISCUSSION

The central finding that emerges from the probabil-
ity distribution analysis is that axonal NF distributions
may be described in terms of pairwise additive NF-NF
interactions. This is evidenced by the observation that
experimental occupancy probability distributions are
Gaussian. A second finding is that this analysis can detect
phenotypic alterations in NF distributions associated with
genetic ablation of MAG. These differences are age de-
pendent, with phenotypic differences most prominent at 9
months. This parallels the observed developmental course
of mean axonal caliber and nerve degeneration in MAG
—/- mice (Yin et al., 1998). Interpreting the parameters of
these distributions using I'T, we find that NF distributions
from MAG —/- mice are more densely packed yet show
weaker interfilament correlations. Those differences sug-
gest weaker pair interactions in the MAG —/~ axons, an
interpretation supported by experimental determination of
the radial distribution function. The finding that axonal
NF distributions may be represented in terms of pair
interactions bears at least two important consequences.




First, it enables us to conduct MC simulations in which
pair interaction potentials are used, which, in turn, allows
us to test the effect of interfilament repulsion and attrac-
tion on the overall structure of NF distributions and to
determine which interaction potentials best account for
the phenotypic changes observed in the absence of MAG.
Second, it implies that the correct physical model is one in
which only the relative positions of two NFs have to be
known to determine the potential energy. This excludes
more complex models in which the interaction potential
between two NFs depends on the position of a third.
Based on these findings, we conducted MC simula-
tions to test three models of NF-NF interactions: rigid
interfilament cross bridging, soft (flexible) interfilament
cross bridging, and entropic repulsion mediated by disor-
dered sidearms. The results of the simulations show that
the presence of a long-range repulsive interfilament po-
tential between the NF sidearms best accounts for the
experimentally observed NF architectures in vivo. The
probability distributions calculated for a rigid cross-
bridging model do not agree well with the experimental
data. Furthermore, the radial distribution functions for this
model have sharp spikes that are absent in the experimen-
tal data. Using a mixed potential to represent a soft cross
bridge improves agreement of the simulations and data
with respect to the radial distribution functions. However,
the spikes that are not seen in the experimental data persist
in the simulations; moreover, in both cases, the attractive
component of the potential favors NF aggregation, which,
in turn, produces deviations from Gaussian behavior. The
purely repulsive long-range potential captures the changes
in probability distributions when the magnitude of the
repulsion is decreased in the MAG —/— mice.
Interfilament cross bridging is widely regarded as an
important regulator of interfilament spacing, based largely
on the observation of such structures by EM (Hisanaga and
Hirokawa, 1988; Chen et al., 2000). It is therefore some-
what surprising that a purely repulsive model of NF-NF
interactions accounts for the phenotypic changes observed
in the absence of MAG. One candidate cross-bridging
protein is the neuronal isoform of bullous pemphigoid
antigen 1 (BPAG1-n), whose gene locus encodes a rich
variety of splice variants, which cross-link several cytoskel-
etal proteins (Leung et al., 2001). Recently, BPAG1-n was
reported to cross-link microtubules (MTs) and bind and
coalign NFs to the actin cytoskeleton in transfected cells
(Yang et al., 1996, 1999). However, in a subsequent
report from another group, the ability of BPAG1-n to
bind several NF fragments was examined using fluores-
cence colocalization, three-hybrid analysis, and in vitro
binding assays (Leung et al., 1999). These investigators
found that the NF triplet bound BPAG1-n only when the
sidearm of NF-H was genetically ablated. The authors
hypothesized, based on these findings, that the sidearm
domain blocked or otherwise interfered with binding.
Similarly, NF-H and NF-M were found not to bind
themselves or one another in a yeast two-hybrid screen
unless the tails were removed (Leung and Liem, 1996).
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Both results are consistent with the model presented here,
in which the disordered sidearm domains sterically exclude
binding partners. Additional data appearing to support the
cross-bridging model are that transgenic mice with low
axonal NF densities show clustered NFs with nearest-
neighbor spacings similar to those in wild-type (Xu et al.,
1996). However, these transgenic strains also have greatly
increased numbers of axonal MTs (to the point, in fact,
where the microtubules completely dominate the axonal
cytoskeleton). Little is known about NF-MT interactions;
if those interactions are highly repulsive, or if MT-MT
interactions are highly attractive, then one would observe
separation of the MTs and NFs into distinct phases. In-
deed, BPAG1-n has recently been shown to bind and
organize neuronal MTs (Yang et al., 1999). Phase separa-
tion of this type is routinely observed in synthetic polymer
mixtures (Bates, 1991). Finally, there are several examples
of cases in which decreases in NF density are accompanied
by increases in interfilament spacing (de Waegh et al,
1992; Nixon et al., 1994; Yin et al., 1998; Martin et al,,
1999). Taken together with the possibility of compensa-
tory changes, support for the cross-bridging model by the
transgenic animal studies is equivocal. A repulsive inter-
filament potential is also most consistent with the exper-
imental finding that, when the axonal membrane is chem-
ically disrupted, the NFs diffuse apart freely (Brown and
Lasek, 1993).

It should also be noted that our findings do not imply
that attractive interfilament interactions never exist,
merely that they do not appear to play a dominant role in
organizing NF distributions in the system characterized here.
Moreover, the depiction of the sidearms as unstructured is
not mutually exclusive with attractive interactions be-
tween the sidearms. Disordered polymers may attract one
another through mutual entanglement (Doi and Edwards,
1986) or through specific chemical interactions (Zilman
and Safran, 2001). These interactions have been addressed
analytically only recently. They are expected to assume a
more complex analytical form than the binding potentials
used here; superimposition of these interactions onto re-
pulsive potentials may in fact yield simulation results that
are more easily reconciled with the experimental data.

Our analysis suggests that the observed MAG —/—
phenotype is the result of weaker interfilament repulsion
despite higher NF density. Thus, one question that arises
is the mechanism by which the strength of this repulsion
might be modulated. There are several candidates for the
origin of this modulation, including changes in sidearm
phosphorylation and O-GlcNAc modification. Analysis of
the murine NF-H sidearm sequence indicates that, al-
though it is extremely rich in charged residues (285 of 679
residues), these residues are nearly evenly divided between
cationic and anionic (147 D and E, 138 R and K); the
balance is even tighter in human NF-H (155 D and E, 154 R
and K). The NF-H sidearm is normally very heavily
phosphorylated; for example, squid giant axon NF-H has
been shown to contain more than 100 phosphates per
sidearm, representing near-maximal phosphorylation of
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consensus kinase targets. The phosphorylated NF sidearms
have a significant net negative charge and from a polymer
perspective can be viewed as a polyelectrolyte. Unstruc-
tured polyelectrolyte brushes have been well studied
(Lodge and Muthukumar, 1996; Luckham, 1996; Szleifer
and Carignano, 1996; Tirrell and Levicky, 1997; Zhao and
Brittain, 2000). In particular it has been shown that the
size (thickness) of the brush is directly dependent on the
net charge of the polymer (Pincus, 1991). Increasing the
charge increases intramolecular monomer repulsion,
which, in turn, effectively swells the brush resulting in a
longer range repulsion. In the case of NFs from MAG —/—
axons, it has been shown by immunoblotting of whole
nerve homogenates and immunogold staining of axonal
cross sections that NF-M and NF-H sidearm phosphory-
lation is markedly reduced relative to wild type (Yin et al.,
1998). In the polymer view, this change in phosphoryla-
tion represents a modulation in polymer charge, which
would reduce the predicted repulsive potential. This re-
duction in repulsive potential is in agreement with the
experimental and simulation results presented here and
suggests a mechanism for regulating interfilament spacing
(Fig. 5). Here, NFs in wild-type mice are abundantly
phosphorylated and interact via a long-range entropic
exclusion mechanism; absent MAG, this phosphorylation
is reduced, the sidearms are consequently less extended,
and the interactions are more short range. This interpre-
tation is further supported by in vitro studies that reveal
that dephosphorylation alters both sidearm hydrodynamic
radius (Chin et al., 1989) and NF gel viscoelastic proper-
ties (Gou et al., 1998). We note that we are not the first to
propose a model in which sidearm phosphorylation pro-
duces increased interfilament spacing through increased
phosphate—phosphate repulsion; for example, de Waegh et
al. (1992) invoked such a model to explain a correlation
between regional phosphorylation level and interfilament
spacing. We agree with these investigators that electro-
static repulsion plays a fundamental role, but our results
suggest that this role is far more short ranged. Rather than
directly mediating interactions between NFs, we propose
that electrostatic repulsion governs structure within each
NF, which, in turn, gives rise to long-range repulsion.
There is also considerable evidence that phosphory-
lation is an important physiologic regulator of interfila-
ment spacing. One example of this is the finding that
sidearm phosphorylation is often heavy in the distal axon,
where parallel NF distributions are found, and relatively
light in the cell body, where NFs form a more clustered
network (Nixon et al., 1994). Electron energy loss spec-
troscopy studies in squid giant axon have demonstrated a
reciprocal relationship between NF density and phosphor-
ylation; as NF density falls distally to the cell body, phos-
phorylation and axonal caliber rise (Martin et al., 1999). A
recent study found coexisting populations of differentially
phosphorylated NFs with dramatically different transport
and morphological properties (Yabe et al., 2001); another
study found regional variations in phosphorylation along
single filaments (Brown, 1998). Both further support

MAG -/-

Fig. 5. Proposed biochemical mechanism for modulating interfilament
spacing. Wild-type NF sidearms are extensively phosphorylated and
negatively charged, producing expanded unstructured sidearms and
long-range repulsion. Conversely, MAG —/— NFs are less phosphory-
lated, leading to weaker intrachain repulsion between monomers and a
sidearm that is collapsed relative to the wild type. This in turn leads to
a shorter range interfilament repulsion.

phosphorylation as a spatially localized regulator of NF
architecture. In an entropic repulsion model, the highly
phosphorylated sidearms produce an expanded sidearm
layer that leads to mutual steric exclusion and the main-
tenance of interfilament spacing. Dephosphorylation re-
duces steric exclusion, thereby exposing potential binding
sites or facilitating the formation of nonaligned NF net-
works.

The entropic repulsion model also bears implications
for the issue of anterograde NF transport. A primarily
repulsive model of NF-NF interaction would allow for
transportation of individual filaments along the axon. In-
deed, transport of individual NF polymers has been di-
rectly visualized in several recent fluorescence studies, one
of which suggested that >97% of axonal NFs move as
single filaments (Wang et al., 2000; Wang and Brown,
2001). The observation that NFs are transported individ-
ually is less compatible with a model in which NFs are
highly cross-linked. Additional recent studies suggest that
axonal NFs exist in highly diverse states, moving as bun-




dles under some conditions and individually under others
(Yabe et al., 2001).

We have used radial distribution functions and oc-
cupancy probability distributions to analyze axonal distri-
butions of NFs and characterize phenotypic differences
between wild-type and MAG —/— mice. We show that
NF distributions are governed by pair correlations, that
wild-type and MAG —/— mice have distinct probability
distributions, and that differences between the two are best
explained by a model in which the NFs interact through a
repulsive potential that weakens in MAG —/— mice. We
propose that these differences in potentials are due to
changes in phosphorylation. The analytical framework
presented here offers a way to quantify order in NF
distributions and directly relate that order to interfilament
potentials. This approach may prove useful in detecting
subtle changes in NF architecture in animal models of
neurodegenerative disease, studying interfilament interac-
tions in vitro, and ultimately relating intermolecular orga-
nization to interaction forces for a variety of biological
macromolecules.
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ABSTRACT Neurofilaments (NFs) have been proposed to interact with one another through mutual steric exclusion of their
unstructured C-terminal “sidearm” domains, producing order in axonal NF distributions and conferring mechanical strength
to the axon. Here we apply theory developed for polymer brushes to examine the relationship between the brush properties
of the sidearms and NF organization in axons. We first measure NF-NF radial distribution functions and occupancy probability
distributions for adult mice. Interpreting the probability distributions using information theory, we show that the NF distribu-
tions may be represented by a single pair potential of mean force. Then, to explore the relationship between model
parameters and NF architecture, we conduct two-dimensional Monte Carlo simulations of NF cross-sectional distributions.
We impose purely repulsive interaction potentials in which the sidearms are represented as neutral and polyelectrolyte chains.
By treating the NFs as telechelic polymer brushes, we also incorporate cross-bridging interactions. Both repulsive potentials
are capable of reproducing NF cross-sectional densities and their pair correlations. We find that NF structure is sensitive to
changes in brush thickness mediated by chain charge, consistent with the experimental observation that sidearm phosphor-
ylation regulates interfilament spacing. The presence of attractive cross-bridging interactions contributes only modestly to

structure for moderate degrees of cross-bridging and leads to NF aggregation for extensive cross-bridging.

INTRODUCTION

Neurofilaments (NFs) comprise an abundant and function-
ally important cytoskeletal component of large, myelinated
neurons. These intermediate filaments run in parallel along
the axon and occupy a large fraction of the axoplasmic
volume. When the axon is cut in cross section, the
transected NFs appear as a two-dimensional distribution of
punctate structures with liquid-like order (Fig. 1, A and B).
The observation that NFs are spaced at nonrandom dis-
tances in the axon suggests that the NFs interact with one
another (Hsieh et al., 1994). Through these interactions,
axonal NFs generate an ordered intracellular framework that
maintains and protects axonal patency and buttresses the
axon against external compressive stresses. Evidence for the
importance of NFs to the mechanical properties of axons
comes from structural and mechanical studies on isolated
axons (McHale et al., 1995; Povlishock and Christman,
1995; Smith et al., 1999) and rheological measurements on
purified NF gels (Leterrier and Eyer, 1987; Gou et al,,
1998). Intracellular NF aggregation is also a central finding
in several neurodegenerative diseases (e.g., amyotrophic
lateral sclerosis, Parkinson’s Disease), suggesting that al-
tered interactions between NFs may participate in the patho-
logical process (Julien, 1999).
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Mammalian NFs are composed of three polypeptide sub-
units: light (NF-L, 61 kDa in humans), medium (NF-M, 90
kDa), and heavy (NF-H, 110 kDa) (Lee and Cleveland,
1996). The amino terminus of each subunit contains a rod
domain of ~300 residues in length, which associates with
the rod domains of the other subunits to form the filament
“backbone.” The amino terminus of each subunit also con-
tains a head domain of ~100 residues, which, together, are
thought to facilitate end-to-end association of heterotrimers
to form complete filaments. The carboxy terminus of NF-M
and NF-H each contains a long tail domain of more than 300
and 600 residues, respectively, which protrudes from the
backbone to form the NF “sidearms.” Electron microscopy
(EM) of isolated NFs reveals that these sidearms extend
75-100 nm from the filament backbone (Geisler and Weber,
1981). Thus, the assembled NF has a cylindrical core—shell
structure in which the core is formed by the filament back-
bone and the shell is formed by the extended sidearms (Fig.
1 C). These sidearms are believed to mediate interactions
between the filaments.

Several distinct models have been proposed for NF-NF
interactions that lead to axonal NF structure. In one model,
the sidearms interact through binding or cross-bridging in-
teractions, mediated by the sidearms themselves or by ac-
cessory factors. Support for this model comes from EM
studies of axonal (Hisanaga and Hirokawa, 1988), and pu-
rified (Chen et al., 2000) NF distributions, and rheological
data (Gou et al., 1998). No cross-linking agent has yet been
identified; neuronal bullous pemphigoid antigen 1
(BPAG1n) was found to cross-link NFs to the actin cy-
toskeleton (Yang et al., 1996), although this finding was
contradicted by a subsequent report (Leung et al., 1999). In
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FIGURE 1 Organization of axonal neurofilaments. (A) NFs run in par-
allel along the length of the axon. (B) In cross section, the NF cores appear
as particulate features with two-dimensional structure. (C) Individually,
NFs have a core-shell structure, in which the core is formed by the
backbone of the three subunit amino termini and the shell is formed by the
carboxy terminal sidearms of NF-H and NF-M. (D) Charge from the
constituent amino acids is locally high but globally near-neutral. Extensive
phosphorylation produces significant net negative charge.

a second model, the filaments repel one another through
direct, colloidal electrostatic forces. Here, the net negative
charge on the sidearms is acquired through extensive phos-
phorylation (Fig. 1 D). This model is supported by an ob-
served correlation between NF phosphorylation and mean
interfilament spacing in vivo (de Waegh et al., 1992; Strong
et al., 2001). Also, purified NF gel properties depend
strongly on phosphorylation levels (Eyer and Leterrier,
1988). In the third and most recently-proposed model, the
sidearms are unstructured polyelectrolyte chains, forming a
hairy, polymer brush-like layer around the filament back-
bone. Interfilament repulsion is achieved through mutual
steric exclusion by the sidearms; i.e., the sidearms function
as a so-called “polymer brush.” Here, electrostatic repulsion
operates on a far shorter range, governing brush structure
through monomer-monomer repulsion. Evidence for this
model comes primarily from atomic force microscopy
(AFM), in which exclusion of small particles from the
filament backbone was observed, and in which repulsive
forces extending up to 50 nm from the filament backbone
were detected, even in high-salt buffer (Brown and Hoh,
1997; Hoh, 1998). Support for similar mechanisms has now
been gathered in several other systems, including stabiliza-
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tion of microtubules by microtubule-associated proteins
(Mukhopadhyay and Hoh, 2001) and gating of the nuclear
pore complex (Rout et al., 2000).

Several lines of sequence-based and experimental evi-
dence suggest that it is appropriate to regard NF sidearms as
unstructured polyelectrolyte chains. The human NF-H side-
arm is rich in charged residues (309 of 607 total amino
acids) which are nearly evenly split between anionic and
cationic (155 and 154, respectively). The situation is similar
for NF-M (238 charged out of 504 total amino acids),
although there is considerably less balance between anionic
and cationic (145 and 93, respectively). In addition to car-
rying intrinsic charge, NF-H (and to a lesser extent, NF-M)
acquires negative charge through serine and threonine phos-
phorylation (Lee et al., 1988; Strong et al., 2001). Indeed,
measurements with squid giant axon NFs suggest that there
may be as many as 100 phosphates per NF sidearm, repre-
senting nearly maximal phosphorylation of consensus ki-
nase recognition sites (Leapman et al., 1997). This heavy
phosphorylation is critical to modulating the radius of gy-
ration of purified sidearm domains (Chin et al., 1989),
reconstituted NF gel properties (Eyer and Leterrier, 1988;
Gou et al., 1998), and interfilament spacing in vivo (de-
Waegh et al., 1992; Nixon et al.,, 1994; Yin et al., 1998;
Strong et al., 2001). Both the human NF-M and NF-H
sidearms are proline-rich (6.2% in NF-M and 13% in NF-H)
and low-complexity (Wootton and Federhen, 1996), and are
predicted to be devoid of extensive stretches of helix or
sheet (Rost and Sander, 1993, 1994). All three of these
properties are widely observed in sequences of polypeptides
that have been experimentally demonstrated to be unstruc-
tured (Uversky et al., 2000; Romero et al., 2001). Finally, a
neural network predictor has been developed to identify
from databases long, disordered regions of proteins in which
the training set consists of sequences from the Protein
Databank that are absent in crystal structures. Screening of
the entire Swiss-Prot database, which contained nearly
59,000 total sequences when the study was performed,
identified the murine NF-H sidearm domain as the sixth-
highest scoring sequence (Romero et al., 1998).

In addition to the AFM data discussed earlier, substantial
experimental evidence indicates that the NF sidearms are
unstructured. No three-dimensional atomic structure for ei-
ther the NF-H or NF-M sidearm has been reported despite
the availability of sequence data and expression systems for
over a decade. Circular dichroism measurements show that
the bovine NF-M and NF-H sidearm domains contain less
than 20% helical content (Chin et al., 1983). Size exclusion
chromatography demonstrates that the Stokes radius of the
bovine NF-M and NF-H sidearms are 52 and 60 A, respec-
tively, much larger than expected for sequences of those
molecular weights (Georges and Musynski, 1987). Finally,
in negative-stain EM, the NF sidearms appear as extended,
unfolded structures that reach out 75-100 nm from the NF
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core (Geisler and Weber, 1981; Willard and Simon, 1981;
Hisanga and Hirokawa, 1988).

Relating structure to interaction potentials in
NF distributions

NF organization in the axon is determined by interfilament
interactions. We can describe this organization by consid-
ering the distribution of NFs in an axonal cross section. The
spatial distribution in cross section is quantified by the
radial distribution function or two-body correlation func-
tion, (RDF, g(r)),which is the local density of NFs around a
central NF. g(r) is defined as the conditional probability of
finding an NF at a distance r given an NF at r = 0; the
probability is normalized by the average density of NFs in
cross-section. The RDF is directly related to the potential of
mean force (i) for NFs in cross-section through the
expression uye = —kT In g(r), where kT is the thermal
energy. The potential of mean force is defined as the inter-
action potential between two NFs averaged over all config-
urations and orientations of all other NFs in the distribution.
In the dilute limit, upye (7) = uy(r), the pair potential
between two isolated NFs. At higher NF densities, two NFs
can also interact indirectly through more proximal NFs,
producing long-range structure.

Several approaches allow one to relate interaction poten-
tials to the structure of protein or particle distributions,
including experimental techniques such as neutron and x-
ray scattering or computational methods based on simula-
tion and the application of integral equations (Perelson,
1978, Braun et al., 1984, 1987; Pearson et al., 1983; Pusztai
and Toth, 1991; Genz et al., 1994; Toth and Baranyi, 1997).
A more recently developed approach relates interparticle
correlations to local density fluctuations in the configuration
(Hummer et al., 1996, 1998; Garde et al., 2000). Here, one
starts with an ensemble of configurations, in our case cross-
sectional distributions of NFs in axons. An “observation
area” of defined shape and size is randomly placed at a large
number of positions in the distribution, the number of par-
ticles (n) that fall within each area is counted, and the
distribution of occupancy probabilities (occupancy proba-
bility distribution, OPD) is calculated. The moments of the
resulting probability distribution are related to the physical
properties of the system, including density, g(r), and higher-
order correlation functions. In general, the nth order mo-
ment of the OPD contains information about n-body and
lower order correlations. By obtaining experimental OPDs
and fitting the data to the predictions of information theory,
one may indirectly measure g(r). In practice, this approach
tends to be highly robust and relatively tolerant to poor
statistics. In addition, because the central measurement in-
volves the counting of particles within a defined area rather
than the measurement of interparticle distances, wall effects
may be minimized through judicious placement of observa-
tion windows.
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FIGURE 2 Relationship among structure, radial distribution functions,
and probability distributions. The top three panels represent a crystalline
arrangement, where interfilament spacings occur at precisely defined in-
tervals. The RDF shows sharp spikes, and, for an appropriate and fixed
choice of observation area, the OPD is quite narrow. The middle three
panels represent a liquid-like NF distribution, in which there is order on
relatively short length scales only. Broad maxima are seen in the RDF, and
the OPD is broader than for the crystal. The bottom three panels represent
an effectively ideal (noninteracting) NF distribution. The NFs are randomly
organized, the RDF shows no structure beyond excluded volume, and the
OPD is quite broad.

Measurement of the RDF directly through interparticle
distances and indirectly through OPDs complement one
another (Fig. 2). Direct measurement of the RDF is sensitive
to changes in the pair potential but tends to be quite noisy in
the absence of large pair statistics. Conversely, the OPD is
not as sensitive to the interaction potential but is smooth and
fairly easily interpreted even with modest statistics. Both the
RDF and OPD are readily measured from particle configu-
rations, and both may be directly compared to the results of
simulation in which one imposes a pair potential. Thus,
analysis of RDFs and OPDs together can provide structural
insights beyond those obtained from either metric alone. We
apply this complementary approach to relate experimentally
observed distributions of NFs within an axon to physical
models of interfilament interactions via pair potentials ob-
tained from polymer brush theory. Specifically, we examine
interaction potentials in which the sidearms are modeled as
a neutral polymer brush, a polyelectrolyte brush, and a
telechelic brush. Monte Carlo (MC) simulation is then used
to obtain RDFs and OPDs for each model, which are com-
pared to experiment.
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THEORY
Information theory

The OPD (p,, where n = 0, .. ., N) is analyzed by defining
an information entropy 1 = SN, p,In(p,/p,). Here, p, is a
set of known (prior) distributions, which we chose to be
unbiased (constant p.). The most likely p, distribution is
obtained by maximizing n under constraints that satisfy
conditions imposed by the moments of the distribution.
Specifically, for the zeroth moment (n°) = = p, = 1, for the
first moment (n') = 3 np, = wAA, where p is the number
density of NFs in cross section and AA is the observation
area, and for the second moment (%) = = n’p, = (n) + p*
SandF [aa g(I7 — 7 d7'. Including only these moments
leads to a Gaussian distribution for p,, which implies that
organization in the system may be described in terms of the
cross-sectional density and pair potential of mean force.
Higher order correlations involving three or more NFs are
not required to describe the structure. The first moment or
mean of this Gaussian distribution corresponds to the NF
number density in cross-section, and the variance, which is
related to the second moment, provides a measure of the
magnitude of the interfilament PMF. For a given density,
the more tightly distributed the OPD about the mean (i.e.,
the smaller the local density fluctuations), the stronger the
pair correlations between NFs.

Models of NF-NF interactions

The most appropriate geometry for polymer brush interac-
tions between two NFs would be two parallel cylinders;
however, to our knowledge, parallel-cylinder potentials
have not been developed, reported, or experimentally tested
for any of the models described here. We therefore chose
sphere-sphere potentials for several reasons. First, unlike
plane—plane interaction potentials, sphere—sphere potentials
incorporate curvature effects. Second, many spherical po-
tentials have been analytically derived by others, or exper-
imentally verified, or both. Finally, based on the similarity
of functional forms for these interactions, the sphere—sphere
geometry may be regarded as a reasonable approximation of
the cylinder—cylinder geometry (J. Israelachvili, personal
communication).

All models used here were developed in the same man-
ner. We start with an analytical expression for the free
energy Fp of two brush-covered parallel plates as a function
of the separation distance, D. The potential Up(D) between
two such plates is U, = Fp — Fp,, Where Fp, is the free
energy of the plates at infinite separation (equivalent to
twice the self-energy of a single plate). We then apply the
Derjaguin approximation (Israelachvili, 1992) to convert
the plane—plane interaction potential to a sphere-sphere
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potential, Ug(r), where r is the center-to-center separation
distance between the spheres,

2L
U/(r) = maR, I U, dD. 1)

r—2R¢

Here, R, is the radius of the hard NF core, and L is the
equilibrium thickness of the sidearm (brush) layer. We also
introduce «, a dimensionless constant determined empiri-
cally for each interaction potential, to accommodate the use
of these expressions, which have been derived based on
scaling theories. As a first approximation, we ignore varia-
tions along the axial (longitudinal) dimension of the NF. In
each case, the NF cross sections were represented by two-
dimensional disks, with hard-core area fractions equal to the
experimentally obtained cross-sectional area occupied by
the NF backbones. All of the potentials are radially sym-
metric. This approximation is appropriate because in vivo,
NFs run in parallel with effective persistence lengths of at
least several hundred nanometers. Because, as noted earlier,
NF sidearms are spaced ~3—4 nm apart on the backbone,
there are tens to hundreds of sidearms per persistence length
projecting in a complete range of radial angles from the NF
backbone. The length scale on which there are appreciable
radial variations in effective sidearm density are therefore
small compared to typical NF-NF separation distances; thus,
radial variations in the interaction potential are neglected.

Alexander-DeGennes potential

In the Alexander-DeGennes framework, the brush is as-
sumed to have a uniform (step) monomer density profile.
The equilibrium brush thickness is determined by the rela-
tive strength of two competing forces: the osmotic pressure
of the chain monomers that tends to swell and expand the
brush, and chain elasticity, which acts to oppose this swell-
ing. In the expression for the interaction potential between
two brush-coated surfaces, L is a composite parameter that
incorporates information about monomer dimensions and
chain length. We based our potential on the expression
developed by Likos et al. (2000). This potential has been
found to account for structure factors for polypeptide-coated
spheres obtained from small-angle neutron scattering. Here
y is the dimensionless distance (r — 2R_)/2L, where L is the
equilibrium brush thickness,

BU(y) = for y=0

167R.L? 20
= - -1/4 _ _ M4
QAp 3553 [28(}’ 1) + 11 (1 y )

+12(y—1)] for 0<y=1

=0 for y>1. )
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Here, B = 1/kT, and s is the distance between chains on the
grafting surface.

Self-consistent field potential

In the self-consistent field (SCF) description of a polymer
brush, the discrete monomers are represented through a field
theoretical approach. Perhaps the most widely implemented
potential of this type is that of Milner et al. (1988). Starting
with this expression, we developed an SCF-based interac-
tion potential for NFs. This plane—plane potential has been
adapted to the sphere—sphere geometry and used to model
theologic data for entropically stabilized particles (Mewis et
al., 1989). In our simulations, we used

BU\(y) = » for

Ly’ ™
= OscF (5) RcN 12 _2<E)

1 1
X (—ln(y) +3(1-y) 350 -

ySO

9
—-g(l—y)) for 0<y=1

=0 for y>1. 3)

Here, N is the number of monomers per chain, a is the
monomer length, and L is determined by the expression,

12\ y \ 13

L=|—=] Nal—]| , 4

(7,2) () @

where v is the monomer volume taken to be a> as a first
approximation, and agcr is as before.

Polyelectrolyte brush potential

To incorporate the effects of chain charge into our model,
we implemented a pair potential function that follows the
scaling analysis of Pincus (1991). Here, brush structure is
governed by the competing influences of monomer-mono-
mer electrostatic repulsion and osmotic pressure, which
tend to swell the brush, and chain elasticity, which opposes
brush expansion. The model is for two plates grafted with a
uniform layer of polyelectrolytes each composed of N
monomers of length a, a fraction f of which are charged, in
the presence of salt concentration ¢,. The disjoining (osmot-
ic) pressure (II) for such a system is given by

BII = 2N%/(s*c,D?). (5)
To obtain the free energy, we integrate with respect to D,
BF, = 2N*/(s*c,D). (6)
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Invoking the Derjaguin approximation as above, we find,

BUs(y) = aPE[2TchN2/(S4Cs)]ln(y)v (7)

where, again, the dimensionless distance y is used, and opg
is the scaling factor.

Telechelic brush potential

Telechelic brushes are composed of chemically bifunctional
molecules. One end binds the grafting surface, and the other
is free to bind other chains, either within the brush or in an
apposing brush. Experimental studies with the surface
forces apparatus show that telechelic brushes retain the
long-range repulsion characteristic of polymer brushes but
enter an attractive regime when the brushes are brought into
contact. Thus, telechelic brushes serve as an appropriate
physical model for cross-bridging interactions. For the re-
pulsive component of the interaction potential, we retained
the Pincus expression used earlier. We begin with the ex-
pression developed by Zilman and Safran (2001) for the
interaction potential between two plates coated with telech-
elic (end-associating) brushes,

BFP = BFrep - BGNS ’ (®)
where F,

rep 1S @ repulsive flat-plate polymer brush interaction
potential (taken here to be the expression for polyelectrolyte
brushes developed above), and € is the energy of association
per unit area. N is the number of chain ends in contact per
unit area, given by N, = 4N~ 2¢”%(1 — u*)u'?, where, u =
DI(2L) and o = a?/s*. These expressions assume that in-
trafilament cross bridging is far less prevalent than inter-
filament cross bridging and that the chains in adjacent
brushes do not interdigitate. Applying the Derjaguin ap-
proximation, we find,

BU(}’) = BUPE(y)
- aue27RL[2(1 -y -2(1-y"™)], )

where Upg(y) is the sphere—sphere interaction potential for
interacting polyelectrolyte brushes.

Choices of polymer parameters

Polymer parameters were chosen to reflect the known phys-
ical dimensions of the murine NF-H sidearm. We took N =
679, the number of amino acids in the tail domain of NF-H.
We also set R, = 5 nm and s = 3 nm based on estimates
from EM of purified single NFs (Geisler and Weber, 1981).

METHODS
Processing electron micrographs

Electron micrographs of sciatic nerve cross-sections from 9-month-old
mice were obtained as described previously (Yin et al., 1998). Each EM
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FIGURE 3 Statistical characterization of NF distributions from mouse sciatic nerve. (4) EM of mouse sciatic nerve cross section at 9 months. The NFs
are the dark, pointlike structures. (Bar is 100 nm). Note that, although other cellular elements such as microtubules and organelles are shown to accurately
represent the cross section, regions depleted in these elements were chosen for analysis. (B) RDF. (C) OPD for observation circle of radius 60 nm. The
points represent experimentally obtained values, and the line corresponds to the predicted Gaussian fits of information theory. Each plot is a
number-weighted average of EMs from six axons containing 200-1000 NFs each.

was scanned into an image file and then digitized. A rectangular area of
1-5 pm in either dimension was identified, in each case, completely within
the axoplasm and relatively free of microtubules and other organelles. The
position of each NF within this defined area was then identified by hand
and recorded, resulting in a set of pair coordinates. These coordinates were
then used to calculate OPDs and RDFs as described below. The RDF and
OPD from six micrographs containing 200-1000 NFs each were weighted
according to the number of NFs in each micrograph and averaged.

Monte Carlo simulation

NFs were represented as two-dimensional disks in canonical ensemble
Metropolis MC simulations in which particles interacted through the radi-
ally-symmetric pair potentials described above. The disks were initially
placed in a square lattice at a number density corresponding to axonal NFs.
One MC move consisted of a single randomly-chosen particle displaced in
both x and y within a fixed range. The total energy of the configuration was
calculated assuming additivity of all pair energies. Periodic boundary
conditions were enforced. A MC cycle consisted of a number of MC moves
equal to the number of disks. After equilibration, as judged by constant
energy and radial distribution function, distributions were accumulated
every 10-15 cycles and averaged at the completion of the simulation to
calculate RDFs and OPDs.

Calculation of radial distribution functions

Disk-disk distances were calculated in a pairwise manner. These distances
were then binned and normalized by a factor proportional to the number of
particles and the separation distance to yield g(r). Calculation of g(r) in a
system of finite size introduces the possibility of artifacts due to the
presence of walls. Several solutions have been proposed and implemented
to address this, including the use of periodic boundaries (Allen and Til-
desley, 1987) and normalizing against a randomly-distributed distribution
(Pearson et al., 1983). After trying both of these methods, we found that
periodic boundaries yielded the most robust results within reasonable
computation times. Results were reproducible over a reasonable range of
bin sizes, with the expected increase in noise with decreasing bin width.

Calculation of occupancy probability distributions

A circular observation area of fixed radius (60 nm unless stated) was
placed at a random location within each distribution, and the particle
occupancy number for each observation was recorded. This process was

repeated many times (typically 10-20 times the number of particles),
producing a histogram of occupancy numbers. This histogram was nor-
malized by the number of observations to yield the OPD. In all cases,
Gaussian fits were performed as parabolic fits to In(p,,).

RESULTS

When the sciatic nerve of a 9-month-old mouse is sectioned
and its constituent axons are visualized by EM, an ordered
distribution of point-like structures is revealed (Fig. 3 A).
Each of these structures is the cross section of an individual
NF. To quantify NF organization, we calculated both RDFs
(Fig. 3 B) and OPDs (Fig. 3 C). The RDF appears noisy
because of the necessity for a small bin size (1 nm) in
combination with the finite experimental data. The values of
g(r) at distances less than 10 nm approach zero, which is
consistent with measurements of isolated NFs by EM that
demonstrate an excluded volume diameter of 8-12 nm
(Geisler and Weber, 1981). The deviation of these values
from zero reflects both the noise in these g(r) calculations
and measurement uncertainties at small separation dis-
tances. Two key features of the RDF are the position of the
first peak (r,,) and its magnitude (g,,,). The most prom-
inent feature of the RDF is a gradually developing maxi-
mum with g_,, > 1 at r,, at 30—45 nm, consistent with
previously measured distributions of nearest-neighbor inter-
filament spacings for mice of this age (Yin et al., 1998). The
OPD, in turn, is well described by a Gaussian distribution
with a mean of 2.6 and a standard deviation of 1.7. Within
a robust range, the Gaussian description holds independent
of the choice of observation window radius (varied between
~50 and 100 nm, not shown). Taken together, these exper-
imental findings show order in the system that can be
described using only the NF cross-sectional density and the
NF-NF pair potential of mean force. This motivates our
representation of the system in Monte Carlo simulations by
a radially symmetric NF-NF pair potential that character-
izes NF organization.
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FIGURE 4 Representation of NF sidearms as neutral polymer chains.
The sidearms were modeled to interact according to the Alexander-De-
Gennes potential (solid lines) and self-consistent field potential (dashed
lines) for neutral polymer brushes. (A) RDFs. (B) OPDs. In (B), the points
represent the results from simulation, and the lines represent Gaussian fits.

We next implemented two neutral polymer brush models
(Alexander-DeGennes and self-consistent field descrip-
tions) in Monte Carlo simulations and calculated the result-
ing RDF (Fig. 4A) and OPD (Fig. 4 B). Both models
produce RDFs with gradually developing first peaks at
50-60 nm. It is interesting to note that the scaling param-
eter (o) needed to superimpose the data with the SCF
potential (3 X 10~7) was much smaller than for Alexander—
DeGennes potential (0.05). These parameters are expected
to differ because the Alexander-DeGennes expression is
itself obtained from scaling arguments. A physical interpre-
tation of this difference is discussed below. For both poten-
tials, 7., is 10-15 nm greater than the experimentally
obtained value. The value of g, is in reasonable agree-
ment with experiment. However, given the marked scatter
in the experimental data, anything more than a qualitative
comparison of these features of the RDFs is not possible.
The experimental OPD, by contrast, is much more amenable
to comparison with simulation. Both models produce
Gaussian OPDs with mean occupancies of 2.7, as expected
by the fixed NF density. The variances of the two OPDs

Biophysical Journal 82(5) 2360-2372

Kumar et al.

3
A

(\A
X
v
g
[+
€
£
>
]
£

0 . A A A

0 10 20 30 40 650

L {nm)

FIGURE 5 Effect of equilibrium brush thickness on structure in NF
distributions. The equilibrium brush thickness (L) was systematically var-
ied, and several descriptors of g(r) and p, were examined. (4) (n®) — (n)*.
For a Gaussian curve, this corresponds to the variance, which decreases
with stronger interfilament correlations. (B) The magnitude of the first
maximum in g(r) (g..)- This is a metric for structure at distances corre-
sponding to nearest-neighbor spacing. (C) The interfilament distance (r,;,,,)
at which the maximum value of g(r) is reached. The shaded area corre-
sponds to the range of interfilament distances covered by the first peak in
the experimental RDF (shown in Fig. 1), and, as such, gives a range over
which NE-NF spacing is expected to be controlled by the model.

from simulation are identical to one another but are some-
what smaller than the experimental OPD.

To examine the effects of brush properties on the NF
distribution, we conducted additional simulations in which
only the equilibrium brush thickness (L) was varied in the
Alexander-DeGennes expression. Changes in the radial dis-
tribution functions are tracked by examining the primary
peak position and magnitude in g(r) and the variance of the
OPD. As the brush thickness is increased, the variance of
the OPD falls, a signature of stronger pair correlations and
smaller local density fluctuations (Fig. 5 A). Consistent with
this result are the changes in the RDFs. As the brush
thickness is increased, the distribution develops structure,
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and this structure shifts to greater distances (Fig. 5, B and
C). At the lowest values of L, as the effective NF cross-
sectional density decreases, structure disappears with g,
approaching the hard-sphere limit. Physiologically, ry.y
corresponds to favored nearest-neighbor interfilament spac-
ings. The values obtained from simulation are in agreement
with the range of these values observed in our system (Fig.
1), and, more generally, for a variety of axonal systems
(deWaegh et al., 1992; Lee and Cleveland, 1996). Thus,
changes in brush thickness can affect structure in cross-
sectional NF distributions by increasing the range of inter-
filament interactions and increasing effective NF density.

Because the Alexander-DeGennes potential collapses
monomer properties (size, charge, etc.) into the parameter L,
one cannot directly probe the effects of independently
changing these microscopic parameters on brush structure.
This is important to the extent that the NF sidearms acquire
a substantial net negative charge from extensive serine
phosphorylation of NF-H, and much evidence from studies
in vitro and in vivo implicates the degree of NF-H phos-
phorylation as an important regulator of interfilament spac-
ing. To explore these effects, we conducted simulations in
which the NF sidearms were represented as polyelectro-
lytes. When all serines in the murine NF-H tail sequence are
phosphorylated, it bears a fractional charge of 0.067. As the
fractional charge is increased to this level, corresponding to
successive phosphorylation, the RDF gains structure (Fig.
6 A). The basis for this change is the increase in equilibrium
brush thickness, which rises linearly with fractional charge
according to the Pincus formalism. This is illustrated by the
narrower OPDs with increasing fractional charge (Figs. 6 B
and 7 A), which mirrors the observed dependence when the
brush thickness was directly manipulated through the pa-
rameter L in the Alexander-DeGennes potential. As the
range of interfilament repulsion rises, pair correlations be-
come stronger and local fluctuations in density are reduced.
Likewise, the parameters describing the RDF change
systematically. As the fractional charge is increased, we
observe a graded increase in structure (Fig. 7 B) and a
shift to greater favored NF-NF separation distances (Fig.
7 C). Moreover, changes in fractional charge produce
changes in NF-NF spacing that correspond to the range
of the first maximum in the experimental RDF (Fig. 1).
According to all three metrics of NF organization, struc-
ture changes in a gradual manner over a physiologic
range of phosphorylation.

The preceding results support the notion that a purely
repulsive force imparts structure to NF distributions ob-
served in axons and that a phosphorylation/dephosphoryla-
tion mechanism can control the range of this repulsion and
thereby the organization of the distribution. A potential
based on this physical model yields NF distributions that are
consistent with experimentally measured values. We next
examined the effect of superimposing attractive cross-bridg-
ing interactions onto a repulsive potential through a tele-

2367

ar) 1¢

Increasing
fractional charge

0 20 40 60 80 100
r{nm)

In(py -6

5 10 15 20 25

n

FIGURE 6 Effect of sidearm charge on structure in NF distributions.
The fractional charge was increased to 0.067, corresponding to successive
phosphorylation to the fully phosphorylated NF sidearm. (A) RDFs. (B)
OPDs. The Gaussian for the experimental data (broken line) is reproduced
here as a guide. In each case, the arrow indicates the direction of increasing
fractional charge.

chelic brush model (Fig. 8). Modeling cross bridging as a
telechelic brush-like interaction produces an NF-NF attrac-
tive component in the potential. The choice of this model
was motivated in part by a previous report in which we
represented these interactions in terms of a square-well
attractive potential. There, we found that the discontinuity
in the square-well potential results in prominent spikes in
the RDF that are inconsistent with the experimental data (S.
Kumar, X. Yin, B. D. Trapp, M. E. Paulaitis, and J. H. Hoh,
submitted for publication). In molecular terms, superimpos-
ing an increasingly attractive component onto the repulsive
potential is equivalent to either increasing the energy of
individual cross bridges or increasing the number of cross
bridges at a fixed energy. As the attractive component is
increased incrementally to ~30k7, neither the RDF nor the
OPD change appreciably, in contrast to the observed phys-
iological range of change. The width of the OPD essentially
remains constant. There is a small decrease in g, and an
increase in r,,,,, reflecting the greater sensitivity of the RDF
to changes in potential.
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FIGURE 7 Variation of RDF and OPD parameters with sidearm phos-
phorylation. (A) (n) — (1), (B) gmax» and (C) r;n,,. The maximum charge
here (0.067) approximately corresponds to complete phosphorylation of the
NF-H sidearm. As the charge is increased up to this value, NF-NF pair
correlations rise as a result of stronger interfilament repulsion, and the
position of the favored NF-NF spacing increases. The shaded area in (C)
is as described for Fig. 5.

As the attractive component is increased beyond 70—
80kT per NF pair, an abrupt transition is observed in the
RDF and OPD. g, is an order of magnitude greater than
that observed for cross-bridging interactions up to 30«T, and
the radius corresponding to the effective excluded volume is
twice the NF backbone radius (r = 10 nm) (Fig. 9 A). Visual
inspection of a configuration sampled during the simulation
reveals that this is due to extensive NF aggregation (inset).
The OPD deviates dramatically from a Gaussian distribu-
tion, with a maximum occupancy probability at n = 0,
which reflects the dominance of voids left as a result of
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FIGURE 8 Effect of NF-NF attractive interactions on structure in NF
distributions: moderate cross bridging. The repulsive component of the
interaction potential was fixed at the values corresponding to a fractional
charge of 0.067, and the attractive energy was increased up to a total of
~30kT per NF pair through a formalism in which the sidearms were treated
as telechelic (associative) polymers. (A) RDFs. For modest increases in NF
attractive forces, few changes are observed in the first peak of g(r). (B)
OPDs. In each case, the arrow points in the direction of increasing attrac-
tion. Neither the RDF nor the OPD changes appreciably in this regime of
attractive energies.

aggregation. Further, the large deviation from Gaussian
behavior indicates that pair correlations in the context of the
information theory framework cannot describe the organi-
zation. At these high attractive energies, the shape and
magnitude of the RDF and OPD differ substantially from
the experimental results, suggesting that attractive energies
in this regime yield unrealistic descriptions of axonal NF
organization. This justifies setting 70kT as a maximum
cutoff below which the effect of NF cross bridging as a
structural determinant may be examined.

We therefore varied the attractive component between 0
and 70kT and examined the effect on the parameters of the
RDF and OPD (Fig. 10). There is very little change in either
the variance of the OPD over this range of attractive ener-
gies (Fig. 10 A) or the position of the first peak in the RDF
(Fig. 10 C). In particular, coverage of the range of ry,,
observed in the experimental RDF is poor. The primary
maximum of the RDF does decrease modestly as the attrac-
tive energy is increased (Fig. 10 B). However, the observed
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FIGURE 9 Effect of NF-NF attractive interactions on structure in NF
distributions: strong cross bridging. When the NF-NF attractive energy is
increased beyond 70-80KT, an abrupt phase transition occurs, leading to
characteristic changes in the RDF and OPD. (A) RDF for attractive com-
ponent of 150kT. Inspection of a sample configuration (inser) reveals
NF-NF aggregation and phase separation. (B) OPD for the same pair
potential. The pronounced maximum at n = 0 and the non-Gaussian shape
reflect the large void spaces induced by NF-NF aggregation.

direction of change is toward decreasing NF-NF organiza-
tion with increasing cross bridging, which is opposite from
that predicted by NF cross-bridging models (Gotow et al.,
1994). We find that increasing attractive cross-bridging
interactions in a physiologically realistic regime does not
significantly influence NF organization. Where effects are
seen, they regulate NF organization in a manner opposite
that predicted by the underlying physical model. That is,
cross bridging diminishes the organizing influence of repul-
sive interactions. Therefore, these results do not support the
cross-bridging hypothesis.

DISCUSSION

Several key findings emerge from the analysis of NF dis-
tributions. In particular, the RDFs show first peak positions
consistent with measured mean nearest-neighbor interfila-
ment distances. The experimental OPDs are well described
by a Gaussian distribution, motivating the representation of
the NF distributions in terms of a density and pair potential
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FIGURE 10 Variation of RDF and OPD parameters with sidearm cross
bridging. Changes in NF distribution structure parameters with increases in
NE-NF attraction for levels of cross bridging that are not sufficiently
strong to induce aggregation. (A) (1) — (1)*. (B) &max- (C) Tinax- There is
little change in any of the parameters over this range of attractive energies.
At the highest energies, the attraction counteracts the repulsive forces and
reduces NF-NF correlations. The shaded area in (C) is as described for
Figs. 5and 7.

of mean force. The use of interaction potentials, in which
the sidearms are represented as neutral polymer chains,
provides RDFs and OPDs that reproduce the general fea-
tures in the experimental data. All of the physical parame-
ters in these models may be reliably estimated from existing
structural data. With respect to the scaling constant a, we
find that a much smatler prefactor is needed for the SCF
potential to describe the data than for the Alexander-De-
Gennes potential. Given the scaling arguments used to de-
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termine these potentials, the disparity in prefactors is not
surprising; the differences in which each model treats the
monomer density profile may also play a role. Indeed, direct
comparison of the compressive forces predicted by each
model shows that the SCF force is both greater and more
long range than the Alexander-DeGennes force (Milner et
al., 1988). Simulations in which the brush thickness was
systematically varied reveal that increases in brush thick-
ness produce increases in the structure of the NF distribu-
tion. This immediately suggests that changes in sidearm
expansion may serve to regulate interfilament spacing and
NF organization. This notion has been invoked in the con-
text of cross-bridging models, where the sidearms have been
hypothesized to “extend” or “unfold” under increasing
phosphorylation, leading to increased cross-bridging dis-
tances (Jaffe et al., 2001). However, the data presented here
show that sidearm extension itself, not changes in cross-
bridging dimensions, determines axonal NF structure.

The simulation results implicate phosphorylation as a
mechanism for controlling sidearm expansion. As the frac-
tional charge along the sidearm is increased through the
physiologically observed range, we observe dramatic
changes in NF organization both by RDFs and by OPDs.
This is consistent with a mechanism in which increased
sidearm phosphorylation produces an expanded brush
through local electrostatic and osmotic interactions. As dis-
cussed earlier, much evidence supports sidearm phosphor-
ylation as an important regulator of interfilament spacing.
Our results support a mechanism by which phosphorylation
serves as a biochemical regulator (i.e., a graded switch) that
controls interfilament spacing by expanding or collapsing
the sidearm brush. Cross bridging may occur between NFs,
but there is no evidence here that they contribute to structure
in the context of a preexisting repulsive potential. This
finding is consistent with previous efforts to model cy-
toskeletal interactions, which suggest that soft electrostatic
repulsion between dilute cylindrical particles can generate
considerable long-range order (Kramer and Herzfeld, 2000),
and cross-linking proteins primarily serve to stabilize the
relative orientations of individual filaments rather than drive
their organization (Herzfeld, 1996).

Cross-linking has been invoked as an important regula-
tory force for actin and intermediate filament networks
(Coulombe et al., 2000, Mullins et al., 1998). An emerging
theme for many of these networks is that structural and
mechanical properties are controlled by many relatively
low-affinity cross-links, allowing rapid changes in cell
shape and viscoelasticity. Therefore, one might expect that,
if cross bridging were a critical regulator of axonal NF
structure, one would observe significant changes in this
structure over a range of small binding energies. Instead,
our simulations with telechelic brush potential functions
predict only modest changes in structure for attractive en-
ergies up to ~70kT. When the cross-bridging energy is
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increased beyond this threshold, the simulations demon-
strate extensive NF aggregation.

Although it is unlikely that NFs in healthy axons ever
aggregate to the extent observed here, the simulations in this
regime suggest a connection between dominant attractive
forces in general and mechanisms of NF pathology. Several
studies show that NF aggregation in neurodegeneration is
accompanied by increases in intracellular calcium concen-
trations (Cassarino et al., 1999), whereas others have shown
that multivalent cations can induce NF aggregation in vitro
(Leterrier et al., 1992). Moreover, normally repulsive poly-
electrolyte brushes can be induced to attract in the presence
of divalent cations (Tamashiro et al., 2001). One may there-
fore postulate a pathological process in which the normally
repulsive NF-NF interaction is made attractive through a
large, local increase in multivalent cation concentration,
leading to aggregation.

In our depiction of cross-bridging interactions, we ne-
glect cross bridging between sidearms on the same filament
(i.e., intrafilament cross bridging) as a positive structural
determinant. This is justified for several reasons. First, the
structures reported in EM studies are largely inter- rather
than intrafilament cross bridges. Second, in cases where
intrafilament cross-bridging models have been invoked,
such cross bridges are proposed to weaken rather than
strengthen interfilament interactions by making the side-
arms less available to adjacent NFs (Gou et al., 1998).
Although our data do not support interfilament cross-bridg-
ing as a significant contributor to NF structure, net increases
in intrafilament interactions, i.e., reductions in NF sidearm
brush thickness, weaken interfilament interactions and di-
minish axonal NF structure.

Both the RDF and the OPD yield important structural
information about the organization of NF cross-sections,
although the RDFs show considerably more experimental
noise than the OPDs. Several factors account for this. First,
the RDF is more sensitive than the OPD to the noise
produced by the relatively limited experimental sample size.
Second, the OPD incorporates pair correlations through an
integrated form of the RDF, via the second moment of the
OPD. This integration tends to average out the noise in the
RDF, leading to smooth probability distributions. An im-
portant tradeoff, however, is that the OPD tends to be less
sensitive to changes in interaction potentials than does the
RDF. This is evidenced by the simulations with telechelic
brush models in the regime of moderate attractive energy, in
which the RDF shows modest changes with increasing
attraction but in which changes in the OPD are essentially
negligible.

Finally, it is interesting to note that all of the repulsive
potentials examined here somewhat overpredict structure,
particularly at small separation distances. At least three
factors contribute to this. First, at small NF-NF separations,
these separations begin to approach experimental uncertain-
ties in measuring relative NF positions by EM. Second, the
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RDF is calculated by collecting a histogram of NF-NF
separation distances and normalizing by a factor that is itself
proportional to separation distance. Thus, these two factors
tend to magnify errors in measurements of small separation
distances. Third, the infinitely steep repulsion included in
these interaction potentials produces artificially stringent
exclusion volumes at small separations. This phenomenon
has been observed in neutron scattering studies of flexible
dendrimers, in which hard-wall potentials were found to
substantially overpredict the first peak in the structure fac-
tor. In those studies, the Gaussian core model (GCM), a
considerably softer interaction potential, was found to im-
prove the description of the data (Likos et al., 2001). To our
knowledge, GCM potentials, which explicitly incorporate
all of the molecular details relevant to NFs (e.g., chain
charge, grafting density), have not yet been developed or
implemented for polymer brush interactions. It would be
useful to fashion more physically detailed GCM expressions
and to check for better agreement with experiment.
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Chapter 4. The neurofilament sidearm domain as a
charged polymer: insights from gels and single

filaments

The sidearms of neurofilaments are highly charged under physiologic conditions.
The native sequences of NF-M and NF-H are particularly rich in lysine and glutamic
acid, although as discussed earlier, the nominally positive and negative charges along the
unmodified chain nearly balance one another. However, extensive serine
phosphorylation of the sidearms confers an overall net negative charge. The
experimental evidence reviewed earlier, together with the data presented in previous
chapters of this thesis, strongly support the notion that the degree of sidearm
phosphorylation is key to regulating interfilament spacing by influencing the effective
volume occupied by the sidearms and thus NF-NF spacing.

Because NF sidearms contain an abundance of both positively and negatively
charged residues, they may be classified as polyampholyte chains. Polyampholytes stand
in contrast to classical polyelectrolytes, which contain a preponderance of same-signed
charges (Bright et al., 2001; Kudaibergenov, 1999; Tamashiro et al., 2001). Synthetic
polyampholytes have been studied extensively on both a theoretical level (Diehl et al.,
1996; Higgs and Joanny, 1990; Kantor et al, 1992) and an experimental level (English et
al., 1996; Kamiyama and Israelachvili, 1992; Nisato et al., 1990). Two key findings
emerge from these studies. First, polyampholyte properties often depend strongly on

jonic strength. Second, in cases where polyampholytes contain titratable groups (so-




called annealed chains), changes in pH can substantially influence polyampholyte
properties. Thus, by altering’intramolecular electrostatic interactions, one may
manipulate the structure of polyampholyte chains and therefore the properties of the
structures into which they self-assemble. In general, the specific charge distribution
along the chain also plays a key role; one may consider two limiting cases. In the
classical polyelectrolyte limit, where electrostatic repulsion between monomers along the
chain determine properties, the chain is expected to condense with increasing ionic
strength as the repulsive interactions are screened out. Conversely, in the classical
polyampholyte limit, where opposite charges along the chain attract one another, the
chain is expected to expand with increasing ionic strength (Ohlemacher et al., 1996).
One particularly relevant example is that of -casein, a 24-kD protein found in milk fat
droplets whose carboxy terminus is highly charged. A brushlike layer of B-casein chains
extends from the outer surface of each fat droplet, thus surrounding the droplet with a
hydrophilic coating and emulsifying the fat. Cicuta and Hopkinson (2001) used
Langmuir-Blodgett methods to study the conformational properties of -casein as a
function of buffer ionic strength and pH. They found that -casein could expand,
condense, or not change effective volume with increasing ionic strength, depending on
the pH of the experiment. These changes in chain conformation are reflected in the bulk
properties of B-casein films. For example, the dilational moduli of these films varies
dramatically with changes in pH and ionic strength, which correlates with observations
from the industrial processing of milk. Thus, changes in the magnitude of intramolecular
electrostatic interactions strongly influence macroscopic properties. In a biological

system, this may shed insight into macromolecular function and regulation.




NFs assemble into viscoelastic gels under appropriate buffer conditions, a process
which may be facilitated by sedimentation. A small number of studies have directly
examined the bulk properties of NF gels. Leterrier and colleagues (1996) examined the
gelation kinetics and viscoelastic properties of NF gels using cone-and-plate rheometry.
A key finding from this report is that NF gels have very large elastic moduli compared to
other intermediate filaments of comparable molecular weight (e.g., vimentin). .This was
ascribed to extensive cross-bridging between the sidearms. Both the Kinetics of gel
formation and the equilibrium viscoelastic properties were found to depend on the
presence of phosphoinositides, divalent cations, and actin filaments. In a later report, this
group proposed a "switch" model to explain this regulation in which the sidearm of aNF
either binds to its own backbone or to the sidearm of an adjacent NF; certain factors were
hypothesized to alter the equilibrium between these two states (Gou et al., 1998).

The hypothesis that NF organization is influenced by the polyampholyte nature of
NF sidearms predicts that interfilament interaction forces should vary with the
electrostatic properties of the buffer: ionic strength, pH, and divalent cation
concentration. Here, we examine those relationships and interpret our findings in terms
of polyampholyte behavior. We reconstitute NFs isolated from bovine spinal cord into
gels under different buffer conditions and assay for excluded volume by measuring the
size of the pellet. We also perform atomic force microscopy (AFM) imaging on isolated

NFs and correlate findings on the single-filament level to gel properties.

Materials and Methods

Isolation of NFs from bovine spinal cord




NFs were isolated from bovine spinal cord (BSC) as described elsewhere (Brown
and Hoh, 1997; Troncoso et al., 1990). BSC was obtained from a local slaughterhouse
and held on ice until processing, which began within 45 minutes of resection from the
animal. BSC was then diced into 1-2 ¢m slices and homogenized in buffer A (100 mM
MES, 1.0 mM EGTA, 0.5 mM MgCl,, pH 6.5) at 1.6 mL neat buffer per g BSC. This
mixture was then centrifuged at 34500 g at 4 C for 30 min. The supernatant was
decanted, made 30% glycerol by volume, mixed thoroughly, and incubated at 37 C for 20
min. This mixture was then centrifuged at 158000 g for 2 h at 20 C, yielding a pellet
which is a concentrated, neurofilament-rich gel. This gel was resuspended in the buffer
of interest and used in experiments as described below. In some cases, the pellet was
frozen in liquid nitrogen, stored at —80 C, and thawed immediately prior to use, with no

detectable change in properties after 2-3 months.

Preparation of NF pellets

For studies of NF gel volume, approximately 100 uL of pellet was resuspended in
1 mL Millipore-purified water and split equally among a set of 1.5 mL Eppendorf tubes.
Each tube was then centrifuged at 158000 g for 30 minutes using a tabletop
microcentrifuge, the supernatant was discarded, and the resulting pellet was resuspended
in the buffer of interest. Each tube was then centrifuged again and resuspended again.
After 3-4 cycles of centrifugation and resuspension, the top margin of the pellet was
marked and measured using a micrometer caliper. Each sedimentation was performed

along with an internal standard containing the same total mass of NFs. Results are




reported as the relative pellet size which is the ratio of the pellet height for a given

sample to that of the standard.

AFM imaging of single NFs

For studies of isolated NFs, approximately 2-5 uL of pellet was resuspended in 1
mL of the buffer of interest. 50 pL of this suspension was adsorbed on freshly cleaved
red muscovite mica (grade V1 or V2, Asheville-Schoonmaker Mica Co., Newport News,
VA) at room temperature for 15 s and washed with 5 mL of buffer. The sample was then
transferred to the AFM stage for imaging. Images were obtained with a Multimode AFM
with a Nanoscope III or III a controller (Digital Instruments, Santa Barbara, CA), using a
glass fluid cell. Measurements were made with Olympus silicon nitride cantilevers
(OMCL-TR400PSA, purchased from Digital Instruments) with lengths of 200 wm and
nominal spring constants of 0.02 N/m and with Park C silicon nitride cantilevers
(purchased from Digital Instruments) with lengths of 320 wm and nominal spring
constants of 0.01 N/m. Prior to imaging, the microscope, sample, and cantilever were
allowed to equilibrate at room temperature for at least 1 h. All images were collected in

contact mode.

Enzymatic treatment of NFs

Our dephosphorylation protocol was based on previous reports (Eyer and
Leterrier, 1988; Gotow et al., 1998). First, 100 uL NF pellet was resuspended in water as
described above. To this suspension was added 5 pL of bovine calf intestine alkaline

phosphatase (106.95 U/ul, Sigma Chemical Co., St. Louis, MO). The reaction mixture




was then incubated at 37 C for 5 h. For gel studies, the resulting suspension was
cyclically centrifuged and resuspended in the buffer of interest as described above, thus
removing enzyme via the supernatant in the process. For AFM imaging, 5 uL of the
reaction mixture was diluted into the buffer of interest and adsorbed and imaged as

described.

Results

When a suspension of NFs is centrifuged at sufficiently high speed, the NFs form
a gelatinous pellet. As the pellet size increases, the effective volume occupied by each
NF increases and the mean interfilament spacing increases. To examine the effects of
buffer conditions and NF biochemistry on NF-NF spacing, we performed an assay for
pellet size (Figure 1). In this assay, NFs are evenly divided into several aliquots, and
each aliquot is resuspended in a buffer of defined ionic strength, pH, and divalent cation
(Ca™ or Mg™) concentration. All aliquots are gently centrifuged together, yielding a set
of pellets containing equal amounts of NFs. The relative volumes of the pellets therefore
provide an indirect measure of interfilament spacing.

Because NF sidearms are polyampholytes, electrostatics are expected to play a
significant role in determining sidearm structure and therefore NF-NF repulsion. Asa
result, NF-NF spacing should vary as a function of ionic strength. We examined this salt-
dependence over a range of buffer pH values (Figure 2). Because there multiple
titratable groups on the NF sidearm (Glu, Lys, phosphoserine) The pH at which the
experiment is conducted strongly influences sidearm charge. Over a wide pH range (4.4,

6.8, 9.2), pellet size decreases with increasing ionic strength. In the context of the steric




repulsion model of NF organization, the corresponding decrease in NF-NF spacing with
increasing salt concentration is due to condensation of NF sidearm thickness. At all three
pH values, most of this decrease occurs within a concentration range of 100-150 mM.
Higher salt concentrations produce little additional influence on NF-NF spacing. The
steepest ionic strength dependence is observed at pH 4.4, where the NF sidearm is
expected to be strongly positively charged due to protonation of lysines in the KSP
domains of NF-H. Here, changing the saft concentration from 10 mM to 110 mM
reduces pellet volume by 40%; conversely, at higher pH, comparable increases in salt
concentrations produce more modest reductions in pellet volume (approximately 25% at
pH 6.8 and 20% at pH 9.2). As the pH is increased, the sidearms are expected to acquire
a progressively negative charge as the glutamate and phosphoserine residues are
deprotonated.

In addition to changes in ionic strength, electrostatic repulsive forces within the
NF sidearm may be directly manipulated by reducing sidearm charge. By treating native
NFs with alkaline phosphatase, phosphoserine residues are dephosphorylated (Figure 3).
Evidence for effective phosphorylation comes from gel electrophoresis which
demonstrates a predicted shift in molecular weight of NF-H and NF-M (inset) (Eyer and
Leterrier 1988; Gotow et al 1994). When dephosphorylated NFs are pelleted through a
range of salt concentrations, pellet size varies only modestly. This is in contrast to native
NFs, which show a steady reduction in pellet volume with increasing salt concentration.
The relatively shallow dependence of NF-NF spacing on salt concentration for
dephosphorylated NFs is characteristic of behavior closer to the classic polyampholyte

limit, where electrostatic attraction between oppositely charged residues is balanced by




‘repulsion between like-charged residues. The dramatic qualitative change in the salt-
dependence of gel properties with dephosphorylation underscores the importance of
phosphorylation to regulating NF-NF spacing.

The polyampholyte nature of NF sidearms may be further characterized by
examining the effect of divalent cations on gel behavior. In addition to their obvious
physiological significance, calcium and magnesium are known to strongly influence the
viscoelastic properties of NF gels in vitro (Eyer and Leterrier 1988). To probe this effect,
we pelleted NFs in the presence of increasing concentrations of calcium and magnesium
(Figure 4). At a total concentration of only S mM, Mg"" condenses NF pellets by
approximately 22%. Increasing the concentration of Mg by a factor of 10 produces
only an additional 12% reduction in pellet size (Figure 4A). Thus, small concentrations
of Mg"" profoundly alter NF-NF spacing. These effects are reflected in the appearance of
the pellets themselves (inset). Ca'" produces a similar degree of condensation; addition
of 5 mM Ca™" produces a 28% reduction in pellet size (Figure 4B).

To investigate the structural origins of the effect of phosphorylation on NF gel
properties, we next used AFM to image single NFs. First, native NFs were adsorbed onto
mica and imaged in buffer which included either 0 mM or 100 mM NaCl(Figure 5). In
these images, the NF backbones are clearly visible as snakelike filaments in a background
of residual contaminants from the preparation. Surrounding each backbone is a zone of
total width 100-150 nm from which these contaminants are excluded. The presence of
these exclusion zones concurs with a previous report which attributed them to repulsive
forces originating from the thermal motion of the unstructured sidearm domains (Brown

and Hoh, 1997). Here, the exclusion zones are present at both relatively low and high




salt concentrations, suggesting they do not originate from direct electrostatic repulsion
between the NFs and the contaminants. When dephosphorylated NFs are examined
under the same set of buffer conditions, we observe dramatically different results (Figure
6). As with native NFs, the backbones are again prominently visible. Now, however, the
exclusion zones are dramatically diminished at 0 mM NaCl (arrows) and essentially

nonexistent at 100 mM NacCl.

Discussion

Several key findings emerge from our characterization of NF pellets. In particular,
NF pellet volume falls with increasing ionic strength, reduced sidearm phosphorylation,
and millimolar concentrations of calcium or magnesium. The size of the pellet reflects
the effective volume occupied by each NF and therefore serves as an indirect measure of
mean NF-NF spacing and interaction force. In terms of the entropic repulsion model of
NF-NF spacing, this reduced interaction force originates from condensation of sidearm
domains. Condensation or collapse of charged polymers with increases in ionic strength
is characteristic of classic polyelectrolyte behavior and occurs because the added salt
screens repulsive forces between charged monomers (Barrat and Joanny, 1996). This
notion has been validated on several levels, including the radius of gyration of single
chains (Fouissac et al., 1992), the diameter of coated spherical particles (Hariharan et al.,
1998), and the thickness and interaction forces of adsorbed polymer layers (Kamiyama
and Israelachvili, 1992). This is in contrast to polyampholyte-like behavior, where
polymer chain volume remains constant or rises with increased ionic strength (Cicuta and

Hopkinson, 2001). The most obvious origin of chain charge in the NF sidearm is the




abundance of phosphoserine residues in NF-H. Thus, one explanation for the ionic
strength dependence is that phosphate-phosphate repulsion within the sidearm determines
the thickness of the sidearm layer over a wide range of pH and that these repulsive forces
are screened with added salt.

Further support for phosphorylation as an important regulator of NF-NF spacing
comes from experiments in which the sidearms are enzymatically dephosphorylated
(Figure 3). The pellet volume of dephosphorylated NFs is smaller than that of native NFs
and depends much less steeply on ionic strength. This type of ionic strength dependence
is more characteristic of polyampholyte behavior, where both attractive and repulsive
forces within the polypeptide chain are important determinants of chain volume. This
agrees well with the behavior expected from the composition of unmodified mammalian
NF-H sequences, which contain closely-balanced numbers of anionic and cationic
residues. Many studies have established the importance of sidearm phosphorylation to
determining NF organization in vivo, with several finding a correlation between
phosphorylation level and NF-NF spacing (de Waegh et al., 1992; Strong et al., 2000). In
vitro, enzymatic dephosphorylation produces dramatic changes in both the gelation
kinetics and viscoelastic properties of NF gels (Eyer and Leterrier 1988). In addition,
thin section electron microscopy of fixed and stained NFs has shown that
dephosphorylated NFs are considerably more densely packed than native NFs (Gotow et
al., 1994).

The finding that NF pellets are condensed by divalent cations provides further
evidence for the structural importance of phosphorylation. In synthetic polymer systems,

divalent cations have been shown to produce short-ranged attractive forces, leading to




attraction between normally repulsive polymer-coated surfaces (Abraham et al., 2001).
In the case of NFs, MgCl, produces profound increases in NF viscosity (Leterrier and
Eyer, 1987), and AICI; induces NF aggregation in vtiro. In the context of the entropic
repulsion model, multivalent cations would serve to attenuate NF-NF repulsion by
condensing the sidearms. At sufficiently large concentrations, multivalent cations would
convert the normally repulsive NF-NF interaction into an attractive one, leading to NF
aggregation in the pathological case. NF aggregation is observed by EM in the presence
of high concentrations of multivalent cations (Leterrier et al., 1992; Troncoso et al.,
1990). Indeed, NF sidearms have been postulated to serve as a buffer for divalent cations
in healthy neurons; in neurodegenerative pathologies such as ALS, it has been proposed
that large increases in intracellular calcium overwhelm the buffer system, leading to NF
aggregation and ultimately cell death (Rowland and Shneider, 2001).

The AFM experiments provide direct structural support for this model of the role
of phosphorylation. Native, phosphorylated NFs produce robust exclusion of
contaminants even at high (>100 mM) monovalent salt concentrations, a signature of
polymer brush-like behavior (Brown and Hoh, 1997). When dephosphorylated, these
exclusion zones are greatly attenuated at low salt concentration and essentially ablated at
high salt concentration, implying that the sidearms have condensed and therefore no
longer occupy as large an effective volume. It is interesting to note that individual
sidearms are never distinctly visible in any of the images presented here, even in the
complete absence of exclusion zones. One reason for this is the limited lateral resolution
of the AFM tip coupled with the relatively high density of NFs along the backbone; EM

of single NFs show that sidearms are spaced 2-5 nm apart along the backbone, a distance




far smaller than the dimensions of a typical AFM tip (Geisler and Weber, 1981). Second,
when they condense in response to changes in phosphorylation or buffer conditions, the
sidearms may collapse onto the backbone. Indeed, Gou et al. (1998) propose a model in
which inter- and intrafilament interactions act reciprocally to modulate the structure and
mechanical properties of NF gels. While this mechanism was proposed in the context of
a cross-bridging model, it could apply equally well to the entropic repulsion model.

There are several important limitations to the gel volume measurements presented
here. First, the results of the assay are not directly interpretable in terms of NF-NF
spacing distances; instead, trends in these distances are inferred through changes in gel
volume. Second, the assay does not precisely measure a specific volume (e.g., volume
per NF). This results from the geometry in which the assay is performed (pellet height
along the vessel wall is used as a marker for volume), and the polydispersity of the
filaments themselves. However, the relative pellet sizes are likely underestimates of
actual differences in gel volume. For example, when NF gels are treated with 50 mM
MgCl, (Figure 3A), gel size is reduced approximately 35% by the pellet height assay;
however, inspection of the actual pellets (Figure 3A inset) suggests that the reduction in
pellet size is considerably greater. At worst, then, the assay underestimates changes in
interfilament spacing.

We have examined the properties of single NFs and NF gels as a function of
sidearm phosphorylation and buffer conditions. In particular, we have shown that the
volume of native NF gels decreases with increasing ionic strength over a wide pH range.
When NFs are enzymatically dephosphorylated, this dependence becomes less steep.

Native NF gel size also decreases in the presence of divalent cations at millimolar




concentrations. AFM imaging of isolated NFs reveals that native NFs produce robust
molecular exclusion even at high ionic strength, a property which is markedly attenuated
when the sidearms are dephosphorylated. Taken together, these results suggest that the
native NF sidearm acts as a classical polyelectrolyte in vivo whose conformational
properties are determined by the level of phosphorylation and the concentration of
divalent cations. In the context of the entropic repulsion model, the degree of sidearm
phosphorylation modulates the volume occupied by the NF sidearm through

intramolecular electrostatic repulsion.




Figure 1. Schematic of pellet volume assay. NFs are resuspended in a buffer of given
ionic strength, pH and divalent cation concentration (A). The suspension is then at
158000 g for 30 minutes, resulting in NF pellet formation (B). The resulting pellet
height (arrows) is then normalized by the pellet height of an internal standard which
contains the same total mass of NFs and is sedimented under identical conditions. The
size of the pellet reflects mean interfilament spacing and the strength of interfilament

repulsion (C). Note that in (A) the sidearms are omitted for clarity.
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Figure 2. Effect of salt concentration on NF pellet size. (A) pH 4.4. (B) pH 6.8. (C) pH
9.2. The total salt concentration includes contributions from the MES buffer (10 mM in

each case) and NaCl.
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Figure 3. Effect of phosphorylation state on NF pellet size. Relative pellet sizes are
shown over a range of ionic strengths for native NFs (solid line) and NFs treated with
alkaline phosphatase (dashed line). SDS-PAGE is used to assess the degree of
phosphorylation (inset); the right and left lanes are control and enzyme-treated NFs,

respectively.
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Figure 4. Effect of divalent cation concentration. Relative pellet sizes in the presence of
(A)Mg™ and (B) Ca™". The inset in (A) depicts photographs of pellets obtained at 0
mM and 50 mM MgCl; (bar is 5 mm). All experiments were performed at 1 mM MES,

pH 6.8.
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Figure 5. AFM images of native neurofilaments. The images in the right column (A-C)
were taken at 0 mM NaCl, and those in the left column (D-F) were obtained at 100 mM
NaCl. In addition to NaCl, each buffer contains10 mM MgCl, and 10 mM MES, pH 6.8.

Scale bar is 500 nm.
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Figure 6. AFM images of alkaline phosphatase-treated neurofilaments. The right column
(A-C) corresponds to 0 mM NaCl, and the left column (D-F) corresponds to 100 mM
NaCl. Areas of apparent contaminant exclusion are marked with white arrows. Each

buffer also contains10 mM MgCl, and 10 mM MES, pH 6.8. Scale bar is 500 nm.
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